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NATIOHAL ADVISORY COMMITTEE FOR AEROMAUTICS . B

TECHNICAL NOTE NO., 1040

VAXE STUDIES OF EIGHT=HODEL PROPELLERS

By Elliott G. Reid .
SURMARY

The influences of shank form end pitch distribution upon the charac-
teristics of constant~speed propellers have been investigated by exploring
the wakes of eight model propellers in the Guggenheim Aeronautic Labo-
ratory of Stanford University. -

The expseriments show the improvement of efficiency which resulis
from the substitution of feired shanks for round ones to be céaused by
disproportionate locel augmentations of thrust and torque. It was also
found that blede shank stalling at reduced advance ratios caused aéverse ]
effects which were amplified as the power coefficient 1ncrease@3“___ o S

Analysis of previous force tests in the light of wake characteristics
reveals that, for constant-speed operation, pitch should be sb distributed
that no element will operate at a unsgative 1lift coefficient in high-speed
flight, that shaenk stalling during teke-off and climb will be minimized,
and that substantial wmifomity of the section lift coefficients will h
prevall in nomal cruising and high-speed flight. A hlade twist curve
of the "envelope" type appears most suitable to these requirements.

In eddition to the foregoing conclusions and the provision of a
large mass of data for strip method prediction of operating character-
istiocs, the investigation led to the following noteworthy findings.
The radial variation of section lift coefficient is in qualitative
acocord with that of the geometric angle of attack, and the average
section lift coefficient at which maximum efficiency is attained in-
creases with pitch, Abnormelly large lift coefficients are attained
by slightly cambered shank elements, this is ascribed to the action
of a highly favorable radial pressure gradient upon their boundary
layers. Finally, Glauert's prediction of the independence of blade
elements is substentially confimmed in so far as twist is concerned,
but his momentum-vortex theory is found umsatisfactory for the acou-
rate prediction of propeller characteristics from airfoil section data.



NACA TN No. 1040
INTRODUCTION

The investigatlon covered by this report was carried out under a
contrect with the National Advisory Committee for Aeronautics, "...to
determine, by means of wvmke surveys, the nature of the influence of
shank form end pitch distribution updén the characteristics of consitenti-
speed propellers, and to provide date for strip method prediction of
operating characteristics.”

More ppecifically, it was directed toward determination of the
underlying causes of significant dif'ferences between the operating
characteristics of previously btested model propellers (reference 1)
which differed only in shank form end pitch distribution. Further, it
extended the range of propeller wake measurements to pitch angles greater
than eny heretofore explored, enable correspondingly extensive determin-
ation o the lift ocoefficients at which blade elements operate and,
through analysis of the results, shed new lipht upon some basio concepta
of modein propeller theory,:

SYMBOLS
B nuribor of blades
D diametgr;'ﬂeet
R 'tip.radius, feet . —
r  radius of elemeﬁf, feet (éee alsc a below.) -- -
X radius ratio, r/R
b chord of element, feet
h meximum thickness of elertent, feet
g pitch aﬁé&g éénelement; degress (refereﬁoe -~ chord iine)

gt pltoh angle of element, degrees (reference ~ 1lift axis)

B! pitch engle of tip element, degrees

o elffective angle of advance, degrees (see dispgran gf‘p. 14 )f
@O gecmetric angle of advence, deprees (g = N V/emr)

2

1

14 |"I‘I

SN

ol



-

[ 3 ]

NACA TN No. 10LD

a effective angle of attack, degrees (n = B -d)

a!' rpeomctric angle of attacl:, degrees (reference - lift exis;
et =B - D) '

Cro angle of zero 1ift, degrees L

W engle of yaw, degrees

v velocity, feet per second

VS slipstrewn velociby, feet per second

Vo regsultant veloclty of element, feet per second

u axiel component of Vs

W tangential component of VS -

e coefficient of induced axial velocity (llote: 1+ a = r)

at coefficient of induced tangential wvelocity

o) air density, slugs per cubic foot

o relative air density, p/Oo

1 mass flow per unit time, slugs per second

q =pv/2 9 =PVe/2 5 =pV. 72  gu=0w/2 E= g/

w angular velqc;'.ty, radians per second

n rotative speed, -revolutions per second

V/uD advence ratio

Po static pressure at upstream face, 1b/£t2

P, stetic pressure at downstresm face, 1b/ft2 .

\p  inorease of static pressure (p; = py), 1b .-{‘ta- )

Py, total pressure in ;mdisturbed strean, 1b/ft2

Pty total pressure at downstream face, 1b/ft°
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Ap;y inoremse of total pressure (pi1 - Dio)s 1B/Ft2 |
Pro = Pyo/d Pr1 = pt1/q &Pp = Ppy - Pro
Py total pressure on upstream! tube of yaw head, lb/fta
Pq total pressure on downstream® tube of yaw head, 1b/ft?
Py  yew head pressure difference (p, - P3)s l'b/f-l:'8
Py= py/a = pa/a Py-= py/q
K yaw head constant (K.- /%1n 2y Tt i - i
8.P. statio plate pressure difference, 1b/ft® (g= 1.0525 5.P.)
T thrust, pounds - | T :
Q torque, pounds feet
P power input, foot-pounds psr secend
Cp  thrust coefficient, T/ n°p* (Cp = Cpg - ACq)

- - . - . '. 10 -
Cpo integrated thrust coefficient (cTO = f (4Cqy/dx) dx)

o . To.is . :
ACp spinner thrust coefficient (negetive) (Als; ﬁsed to denoté- error
in thrust coefficient - fig. 11)
¢q ‘torque coefficient, Q/n°D° @ f (dCQ/dx) dx)
15 .
efficiency (CgV/CpnD) I
daT thrﬁst of all elementé at radius f; pounds- - )
dQ torque of all eiements at ;adius- r,“ pou;ds féét-_ ) h
dT' thrust of element, pounds
. Wlth reference to tangential velocity normally lmparted to slip-

stream. -
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‘which has smaller radial and chordwise dimensions than thoge of P
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dFg’ tangential force on elsment, pounds
dL!? 1ift of .element, pounds
dan! drag of slement, pounds
dx? resultant force on slement, pounds

ey, section 1ift coefficient, dL!/q bdr
MODEIS

Eight of the previously tesbed series of thirteen models? were
selected for wake survey studies. All of them have adjusbable-pitch,
durelumin blades of. 2.80~foot dismeter. Their geometric characteristios
are defined by figures 1 to 4; the following particulars-are worthy of
note: :

Four-~Blads HModels

Hodel P,~ A conventional type blade.of uniform. geometric design
piteh EEO 75R © 249) with relatively wide tip and go-called round -shank.

Attention is called to the measurement of f with reference to the nomi-
nal chaord line and to the fact that degeneration of the airfoil profile
into a ciroular cylindsr is complete only at the innermost section of

" the blade (see figs. 1 and 2).

Model Py represents-liodel P equipped with & cuff .of Clark Y. profile;

. the geometric pitch of the ouff is the same as that of the outer portlon

of the blade, - S

lHodel PCH represents liodel I equipped with a refined.Clgrk_Y cuff

c

and incorporates & washout of 129, (Notes: Washout specified is that at
spinner surface.) :

lodel Ppy hag the same plan form and profiles, outbozrd of the
ouff, es Model P, but has a larger design pitoh (Fq, 7sy = 50?), snd en

unusually thin cuff in which NACA series 16 profiles and a washout of
10° are incorporated.

Forc.e-'\:es'bs reported in reference 1.

5
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Three-Blade Models

ﬁ”: i

Mcdel U-24 has the same plan form and profiles as Model Peoe

Its wniform design pitch (messured with reforence to the 1lift axes,
or 'mo 1if% lines™ of the profiles) is characterized by ;36 75R = 24°,

Model U-60 is also of uniform design pitch and differs from U-24
only in having Bé 7ER = 60°.

1l

ifodel 0.4E has the same plan form end profiles as the U-models but -
is of non-uniform design pitch. The ordinates of its tw*st curve (asee
fige 4) are 0.4 times thoss of the "envelope twist curve. t1

Model 0,8E is also of non-uniform design pitch and differs from
Model U.4E only in having a twist curve whose ordinates are 0,8 times
those of the envelope curve.

The hubs of all models were enclosed within a spinner of the form
illustrated by figurs 5,

]
1

APPARATUS AND TECHNIQUE
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The experlments were carried out in the 7 5-foot wind tunnel of tho
Guggenheim Aeronautic Laboratory at Stanford University where the models
vere driven by the dynamometer ordinarily used for force tests., 4 ) .
degcription of this equipment will be found in referenco 2.

Tha wake survey apparsatus instelled in the wind gtroam consigted
of the two banks of yaw heads shown in figure A. Details of the heads
are illustrated by figure B and the mencmeter used to record the
pressures mey be seen in figure C.

To make the obstruction offered by the supporting structure -
symmetrical, the yaw heads were arranged in two banks which extended
vertica.ly above and below the propeller axis, The dimensions and
locations of the heads may be seen in flgure 5 vhore it will be noted
that they are numbered in the order of increasing radii. Those numbcred
1 to 10 were located at the msan radii of amnular rings of equal area;

"Noter The envelope of the twist curves of all wuniform desipgn -
pitch blades is defined by the equation

g :sT' . cot”’,,/r R - tan'j‘Jr7R
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those numbersd Q end 1l were arbitrarily located close to the spinner

and Jjust outside the blade tips. As shom in figure 5, the tips of

all yew heads were 0,05D aft of the plane of the blade axes; this ' ' o
location was fixed by the necessity of providing e small clearance

for Model Py - which has the widest cuff.

Lxcept for the incorporation of shielded total head tubes, the
yaw heads used in this investigetion closely resemble the British type.
whose development is described in reference 3, Although this type-has
been used in at least one previous American investigation (reference
4), it was found impossible to obtain satisfactorily linear yaw cali~
bration characteristics when the tips of the tubss were bheveled teo
sharp edges; the final calibration date showm in the left-hand chart
of figure 6 were cbtained only after the tips had been blunted to the
extent illustrated by the enlarged seotion of figure 5. It will be not-
ed that although the yaw characteristics are substentially unaffected
by changes of airspeed, the calibration consteants (K) for the various
heads differ somewhat. Since these differences bear no evident relation
to the local varietions of total pressure (PTO -~ gsee right=hand chart of

fig. ), they are believed %o reflect minute differences between the
forms of individu=al heads, =

The calibration curves for the total head tubes (fig. 6) represent,
actually, the results of total pressure surveys along the vertical di-
emeter of the stream. These wers carried out in the presence of the
dynemometer and spinner and the blade apertures in the spinner were,
of course, covered while the surveys wers being made, If it be agsumed
that the variations of total and dynemic pressures are identical, these
results indicate variations of approximately =+1l.l percent V
(x 2.2 percent q) at all but the lowest speeds where a slightly greater
variation is evident. Yaw tests of the total head tubes wsre extended
only to x 459 but, within thet ranpre, no measurable variation of the
registered total pressures was observed. (It may be worth noting that
isolated tubes of this kind are entirely reliable up to = €0°,)

The yaw and total head tubes were connected to & multiple manometer
(with common cistern) whose column heights were recorded by means of a
35~-millimeter camera. Additional connections enabled the recording of
e pressure difference (SF) proportional to the dynamic pressure and of a
predetermined pressure difference (usuelly 10 1b/sq £t) which was im-
posed by a double bell-jar balance. The former had the effect of making
the records non-dimensional by defining q as a head of the same liquid
as that used to measure the yaw and total pressures while the latter
provided a dimensional pressure scele which enabled checking of the
photographically recorded values of SP against those observed by the
tunnel operator, Damping sufficient to make the meniscus velocity pro~
portional to the applied pressure difference -~ rather than to the squaré =~
root of that quantity - was incorporated in each pressure transmitting
line and uniformity was obtained by the adjustment of individual dampersa.

7
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Specially constructed projectlon and meaguring apparatus eliminated
several steps from the usual process of reducing film records to pressure
ratios. The records were projected upon a ground glass screen and meas-
ured by means of a vernier height gage which oould be traversed along s
preclsion straightedpe. Convenient control of the enlargement ratio
. made it possible to use fixed scales for direct measurement and record-
ing, of the heads as mulbtiples of the dynamic pressure, regardless of the
-abgolute value of q.

Only one at all serious inconvenience was encountersd in the use
of this apparatus; it arose out of the gensitivity of the yaw heads,.
After-the initial adjustment, slight inequalities of the pressures ox-
perienced by the two tubes of a.given yaw head were scametimes detected
in the preliminary run made without model before each test, To re-establish
balence, the tube shanks were bent by hand - but the deformetions required
vere so amall that a dial indicator had to be uged for their measurement,
Early destection and constent surveillence precluded apprecisble errors
frem thils cause but it is mentioned as a basis for the recommendation
‘that construction of the same type be avoided in the assembly of Ffuture
yaw heads because it is believed that temperature and vibration effects
upon unrelieved stresses in the soldered assemblies probably contributed
substanbtially the unbalance developed by the heads used in this 1nvesti-
gation. - - T

TEST PROGRAM o A

In this wake investigation, all models were bested under the same
conditions whioh prevailed during their previous force tests (reference 1).
A constant rotative speed was maintained throughout each test and the
advance ratio was varied by altering the airspeed. Listed below are
the blade angles? and corresponding rotative speeds at which each modol
wes tested:

Four-Blade Models

’ de 20 30 40 50 60
Bo.rsn (38

Revolubions per minute 2100 1740 1314 996 744

Three-Blade Modelsg o .

ﬁo.751~‘1 (deg) 12 24 38 48 60

Revolutions per minute 2100 2100 1470 1056 744

! Nominal angles, P ; reference - arbitrary chord line.
8
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Yhe number of advance ratios at which wake survey records were
teken varied with the pitch sebting; only 6 or 7 records were taken
1hen ﬁio 75 = 12° but 13 to 16 were made at the 60° settings,

Prelininery tests were made to determine the effect of presence
of the survey apparatus upon the performance characteristics of the
nodels; none vms found. After oampletion of the test program, suxiliary
experiments were made with the yaw heads moved farther downgtrean to
explore the possibility of making dependable surveys under conditions of
stalled blade operation, B

REDUCTION OF DATA

A sample record is reproduced as figure D. The datum with reference
to which all pressures were measured wes the level of the column actuated
by the pressure at the upstream (higher pressure) static orifice in the
tunnel entrance cone. As previously stated, pressures were read directly
from the projected records as multiples of the dynamic pressure. From
the total pressures in the slipstream, Ppq, the corresponding free
strean values, PTO (from fig. 6), were subtracted to obtain the changes
of ‘total pressurs, Z&PT, due to propeller action. Since the yew head

pressures were balanced in the free stream, the pressure differences due
to obliquity of the slipstream were obtained directly as Py = Pp = Py

These recorded values and differences, for the record ghown in figure D,
will be found in the upper part of the sample computation forn which is
reproduced as figure 7.

Torque Coefficients

The method used for evaluating the elementary torque coefficients,al-
though described elsewhere (refercnce 3), is developed here for the sake
of oompleteness and for convenience of reference in the subsequent treat-
ment of thrust. If the elements of a propeller &t radiue r impart the
tangential velocity w +to the mass of air dM which, in unit time, passes
krough the snnulus swept by these sliements, thsy expsricnce the ‘borque

aQ = rwdM (1)
If ~u 1is the axial velocity thrcugh the propeller

dif = 2mpurdr (2)
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whence - o e -
o dQ = 2mpuwrsdr

Introducing x= r/R and R= D/2,
r= "x/2 dr = Ddx/2 o (4)

Substitution of these values in (3) gives . } -

4Q = - purD®Px8dx - (5)

e

Now, the pressure difference experienced by a iraw head of the type used
in these experiments is proportional to the dynamic pressure of the slip-
stream, sta/z, and to the sine of twice the angle of yaw; that is,

p = K(’pva/z)sin 2y (6)
¥ N 80/ : X ]
(Hote: The calibration of such heads is acoomplished by measuring p

at a series of angles of yaw in a stream of knovn direction and dynamio
pressurs. Thus K is determined as K = _py/q sin 2¥).

By substituting 2 siny ocosy for s.inZ\l{, (6) mey be written as

o (V sinW)(V cos\lf> = -2 (7)
8 '\ 8 K
If the axis of the yaw head is parallel to the direction of undigburbed .
flow and if u and w are, regpectively, the axial and tanrential

components of the slipstream velocity to which the yaw head is exposed, B
.- - - . S

u =V, ocosy and w= Vs siny (8)
vhence -'p' oo TR

puw = =% (9)

K

The substitution of this relationship in (5) yields the result .
aQ = 11(52) D% dx (10) __
4 K . .

1o

10
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The corresponding torque coefficlent is
!

ch= aQ = x 2 (ﬁf_)dx (1)
pn®D®  4pn°D® K

Maltiplying numerator and denominator by twice the square of the undis-
turbed stream velocity, 2V2, yields

=2 2
e XL @) a

If, now, the yaw head pressure difference is expressed in terms of the
dynsmic pressure of the undisturbed stream - that is, Py = py/?pve/?) -

the expression for the elementary torgue coefficient assumes the form

I

which wes used in the computetion. (See fig. 7.)

Thrust Coefficients

In developing an expression for the elementary thrust coefficient,
it should be remembered thet the accepted concept of screw propeller
action is that as the eir passes through the plane of the blades, it
experiences a change of static pressure and undergoes tangential accel-
ergtion while its exial velocity remeins unchanged. Therefore, if the
blede elements which have the radius r change the static pressure of
the air upon which they act by the amount Ap, +they experience the
thrust

ar = 2ipapdr o _(14)

Substituting for r and dr in accordance with (4) gives

4t = C’D:x> Apdx - (15)

The corresponding thrust coefficient is

ar e ’
dCp = = Apdx 16
on?p* anaDED d (16)

11 .



NACA TN #Ho. 1CLO

Multiplying-and dividing by twice the square of the undisturbed velooity,

- . . ) . — . _
2V, Zives . ] .-_-_

nx < <2A.p dx (17)

and if AP is now substituted for Ap/(pvz/Z), the elementary thrust

coefficient is
< ) AP (18)

In previous sllpstream i.nves‘ba.gations wh:.oh mvolved only Pro=-
pellers of relatively low pitch (e.g., refervnoes3, 4, and 5) it has
been customary to neglect the difference between the increases of stiatic
and total pressures, that is, to accept the epproximation

APp = AP (19)

for use in equation (18). The errors inherent in this method were,

in these¢ earlier experiments, minimized somewhat by failure of the
unghielded total head tubes to experience full totel pressure vhen
exposed to oblique flow., In the present studies, however, it was
feared that the larger tangential velocities created by the high-pitch
models might lead to serious errors if this approximetion were retainoed
end it vms therefore decided to use shielded total head tubes for re-
liable detesrmination of the total pressures and to caloulate AP from
these and other awilable data.

In appendlx A, it is shown that

AP APy - E S ¢-1¢)
in whioch .
., 1 /P
L o= — <_¥> (21)
4r K7 : -

and, if uniform ax:l.al J.nflow is agsumed, that

T (nD\

i

T
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(It should be noted thet in these equations r = 1 4+ a,) Application of
these relationships to the slipstream survey date, alone, would have made
calculation of the elementary thrust coefficients prohibitively laborious
because & process of successive approximations would have been required
for the evaluation of r.' This method was actually applied to the
results of a few tests bub, fortumately, it was found that the values

of r s0 obtained differed negligibly, if at all, from those computed
by substituting in (22) values of Cp (for the sume advance ratios)

teken from the force test data of reference 1,

The values of r used in the routine cealculations of dGT/dx were

therefore determined by the substitubion of force~test values of CT in

equation (22). (Actually they were read from a curve of r versus
Cq (nD/V)a which was prepared for the purpose.) The values of B, AP
and dCT/Hx were then calculated by means of equations (21), (20), and

(18),respectively. These steps are summarized at the bottom of the
computation form, figure 7. '

Section Lift Coefficients

To supplement mere provision of the specified "deta for strip method
prediction of operating charscteristics," the scope of this investigation
wes voluntarily expanded to include calculation, from these data, of
values of the section lift coefficients for elements of &everal models
under various operating conditions., As the results of these calculations
are presented and discussed later in this report, the method of their
evaluation is outlined below, : :

1
Procedure: Obtein first approximetions of dQT/dx by accepting
(19) for solution of (18); plot and integrate to obtain first approxi-

~1.0 g0
metion of CT(?T = E;? dé) and substitute this value in (22)
7 0.15

to get first approximetion of r. Use approximate value of r in (21)
to evaluate E for each station, calculate corresponding AP's accord-
ing to (20) and substitube them in (18) to obtain second spproximations
of dCT/dx. Repeat process until no change in r is found.

13
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The following snalysis is made in accordance with the basic fom
of Glauert's momentum-vortex theory (reference 6), in which a propeller
of finite solidity is assumed to have infinitely nymerous blades,
Accordingly, the induced welocities at & given radius are assuned to be
one-ialf the final (far downstresm) values of the axial and tangential
velocities which would be imparted by the blade elements at that radius
to the oylindrical shell of air upon which they act. Finite induced
angles of attack therefore arise from the two-dimensionall motion of a
finite mess of air, that is one whose dimension normal to the span?
is equal to the circumferencs of the eylindrical shell. Thus the
influences of elements at one radius upon those at another, as well as
those of the finite number of blades end of flow around the blade tips,
are excluded from consideration.

1
,In cylindrical ocoordinates.

1h
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The 1ift of the blade element illustrated sbove is

dL! = 4T! cos ® + dFQ' sind (23)
or -

dLt  aT1! dFqt

2 =2 cosd 4+ 2 sin®d ()

dr dr dr

Primes are used to distinguish the forces which act upon en element of
a single blade from the sums of such forces for all elements which have
the same radius. The section 1lift coelficient is

4 2 aLt 2 4T’ dFQ"
cy, = = . (..._..__>= cos & + . sin @ (25)

S Ve v 2
qrcL prb dr prb ar ar

wherein dS is the elementa aresa, the dynamic pressure corre-
ry ™ v

sponding to V_, and b the blade width. According to (4), dr = Ddx/2,

whence
4Tt a7 2 df,! dF. ! 2
=% - and —9.=.92 4 C (26)
dr dx D dr dx D .
The substitution of these velues in (25) gives
4  [ar ' - .
or, = l cos® + — sin Q:l (27)

PvrabD Cax e ax

Remembering, now, that the elementary thrust and torque coefficients

dG.T./d.x and dGQ/dx are deduced from slipstreem pressures produced by

the action of all the blade elements located at the radius x, it will
be evident that, in the case of a propeller which has B blades, the
forces on & single element are ) -

It dCy on°D* aFy' Aoy PHED®
= and — = (28)
dx daz B dx ax B

15
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Thus (27) may be rewritten as

2 4
4 pn D | dC dac D
oy = s X l I cosd + =2 X = gind (29)
Pv,2pD B “dx ax -

-r

The substitution of V(1 + a)/sin¢ for V, and of 2/x for D/r
now yields the equation

sin2¢ dGT ac
op= * 2, .2 [‘—°°S‘I’+——X§sin¢] (30)
B (b/D)(1+ &) (V/D) =~ 9% ax  x L

which vas used for the calculation of section 1lift coefficients,

Given the number of blades (B), the locetion and width of the
element (x, b/D), and the corresponding reduced test date (V/aD,
dCT/dx, dqw/dx), calculation of the section 1lift coefficient by means

of (30) becomes possible upon the detemination of a and b. The
methods used to evaluate these quantilies are described in appendix B,

RESULTS

The results of the entire program of tests, comprising some four
hundred separate gurveys, were plotted, first, in the form illustrated
by figures 8, 8, and 10, 1V/hen curves of dGT/Bx and dGQ/ax Versug x

were feired through the individual sets of points obtained from the
upper (odd mumbered} and lower (even numbered) benks of yaw heads, it
became apparent that the two groups of data exhibited systematic
differences whioh incressed with the pitch angle, As it appeared theat

such differences could logically bse ascribed only to slight non~unifornity

of velocity of the undisturbed stream, mean curves wers constructed as
the best possible representation of the average radial distributions
of the slementary thrust end torque coefficients. Space limitations
prevent the reproduction of more than these samples of the individual
grading curves but tho ordinates of all the mean curves are pregented
later in condensed charts.

A comparison of the results of wake surveys and force tests is
prefaced by figure 11 which illustrates the importence of taking
tangential velocitles into account when evaluating the elemontary
thrust coefficients and also reveals the remarkable sensitivity of the
survey~-detemined thrust to small errors of total pressure measurement.

16



\ 3

NACA- T No. 1040

~In figurcs 12 to 19, the results of the wake surveys are compered

-7ith those of previous force tests of the same models. The point values

showm on these cherts were determined by mechanical integration of the
sroas under the mean thrust and torque greding curves and correction of
the thrust coefficients for spinner drag. (lethod of correction end
experimentsl dets on spinner drag will be found in appendix C.)

The basic data from which these swmmary charts were prepared ere
presented in figures 20 to 35. DEach even-numbered figure in this group
contains curves of dGm/hx versus V/nD for all stetions and all

pitch settings of a particular model; the following odd-numbercd fig-
ures present the corresponding torque data. The spotted ordinates are
those of the mean thrust ond torque gruding curves. Because the scales
of these figures arc necessarily such as to preclude very smccurcte
reading of the ordinates of the torque curves for the smaller pitch
settings, numericel values of dCQ/Ex for all advance retios at which

tests wore made with pitch settlngs of 129, 20° and 24° have been
tabulated in teble I.— : . _— e

From ths basic data, thrust and torque grading curves for wvarious
models have been prepared for purposes of couparison under different
conditions of operation; these, along with other deduced curves (figs.
35 to 49) will be introduced in the discussion which follows.,

The results of preliminary end auxiliary tests are presented in
figures 50 &ngd 51, o -

DISCUSSION - Ce e

Goneral Features - Comparison with Force Tests

The general cheracter of the results may best be appreciated by
following through the development of a typical set. For this purpose
the deta end calculstions tabulated in figure 7 will serve as a &tert-
ing point; these results were obtained by testing hcdel O. 8&, w1tn
blades set at 38°, at n sdvance ratio of 0.585.

The thrust and torque grading curves dofined by the calculated
values of dCT/Hx and dCQ/dx appear in figure 9 as the charts

designated "V/nD = 0.985"; in the seme figure are similar curves for
other advance raties. PFigures 8 and 10 are analogous illustrations For

pitch angles of 12° and 60°. The point wvelues of CT and _CP shown in

figure 19 were obtained by the integration of "mean line" grading curves
such as those of figures 8, 3, and 10. _ T e

17
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In figures 8 to 10, it will be noted that discrepancies between the -
date obtained from heads of the upper and lower groups grow larger as
the pitsh and, consequently, the advance ratio for unstalled operation,
increasa, It is this fact which points to non-uniformity of tunnel
velocity distribution as the cause of divergence., Lest—it be imaglned
that such discrepancies reflect excessive irregularity of stream velocity,
the following enalysis, based on simple blade element theory, is presented
to demonstrate the fallacy of such an inference,

as 639 and the advance ratioc for peak

Talcing the value of B!
8 H 0.75R

efficiency as 3,50 vhen the nominel pitch getting is 609, the corre-
sponding values of <b° and &' are found to be 56.080 and 6,927,

respectively. (Induced velocities have been ignored in making these
caloulations.) IT it is also assumed that at opposite points on the
path of this elemont the local stream velocities are 0,99 and 1.01 times
the mean value, the corresponding engles of attack are found to be

7.18% and 6,659, Sinoe the elementary forces and, therefore, the gains
of tobal pressure in the wake may be expscted to vary proportionally,

it is seen that a velocity variation of =*1 percent may be expected to
result in e discrepancy of the order of (7.18/6.65 = 1.08) & p.rcont
between the elementary forces deduced from head measurcments made on
opposite redii,

It is also worth noting that if a constant mean angle of attack
is mainteined by simulbaneously verying the pitch angle and advance -
ratio, the discrepancy between the two sets of observations ~ made on ,
opposite radii and in the pregence of a velooiby difference of fixed
percentage - may be expected to become largur as the advance ratio
increases, This is true hecause the deviation of the instantanecous
angle of attack from its mean value is, under these conditions, roughly
proportiocnal to the angle of advance,

Anocther related consideration of equal, if not greater, consegquonce
is illustrated by the curves (B) of figure 1l. Heference to the formula
used for computing the values of dcm/ﬁx (fig. 7) shows that if the -

increase of total pressure were to remain a fixed multiple of gq, that
is, APp = conatant, the elementary thrust coefficient would vary with

(V/nD)®. Therefore, with fixed accuracy of manometer record measure-

ment (in percent q), the total thrust becomes inoreagingly sensitive
“coweranitive: to least count errors as the advance ratio inoreasecs.

The curves of figure 11 illustrate the chenges in apparent thrust +
coefficient (ACp) which would result from errors in location of the

total pressure datum (e¢) which amount to only 0,005q and 0.01lg, the
accuracy with which the records could be measured at the pitech settings
indicated along the curves. The overlapping renpus result from the use

1.8
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of the different robtative sveeds for tests at different pitiches and the
fact that the limits of measurement were fixed by the absolute values of
the dynamic pressure.

This situation obviously presents a serious obstacle to the attain-
ment of high accurecy in surveys made behind propellsrs of high pitch
and, in view of the magnitude of ACq shown in figure 11, the degree

of agreement between force and survey results actually attained under

such conditions (fips. 12 to '18) appears gratifying rather than dis-
appointing. In fact, the absence of serious scattering among the survey
thrust points in the unstalled ranges of high V/hD operation is
believed to indicate that the effective accuracy of total pressure _
determination must have been congiderably superior to that vhich would
correspond to an everage error equal to the least count of the record
measuring epparatus. lowever, this very fact direots attention to
certain systematic differences between force and waks survey test
results which will be discussed later. i

Reference to figures 12 to 18 will reveal that the agreement
between the results of wake surveys and force tests is excellent for
pitch settings up to about 369 but that it begins to deteriorate as
this angle is exceeded. The greatest divergence occurs in the case of
the thrusts of fully stalled blades; it w111 be noted that although “the
surveys account for only e smell part of the thrust measured under
this condition; the corresponding power coefficients are erroneously
large. As incipient divergence may be seen in.the lowest V/hD range
even when the pitch engles are as small as 20°, it is evident that
angle of attack rather than pitch angle is the controlling factor, It
is thus quite clear that the epparatus and methods used in this ini
vestigation yield seriously erroneous results under the condltzons of
stalled operation. T

At this point, attention is called to the results of preliminary
tests which are presented in figure 51. There it may be seen that not
even the stalling characteristios of a very high-pitch model are apprecl-
ably influenced by the presegpe of the survey apparatus.

‘Q
Since the values of ggizéar calculated from given-wa“e data vary with

1/K (see equation 13), the erroneously large power coefficients deduced
from stelled-blade date probably reflect a substantial sugmentation of the
yaw head calibration constents at large angles of yaw. This explana-'
tion is suggested by the upwerd trend of the values of K which may

be seen in several of the charts of figure 6 and by the fact thet if

Py were to remain finite and positive until { = 909, K would then

become infinite because sin 2y = O. -More extensive calibretion data

would be required to verify this hypothesis but the occurrence of very
large instenteneous values of  in the wakes of stalled mod=ls has
been demonstreted by the behavior of tufts.

- 12
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Supplementary tests made in an effort to determine the cause of
the thrust disorepsncies indicate thalt even heads of the shielded type
are incapeble of measuring the true mean totel pressures when the
survey tubes are installed at very small distances behind a stalled
propeller, This is deduced from the date presented in figure 51; the
improved agreement, in the case of torque as well as thrust, obteined
by moving the heads dowmgtream is interpreted as the result of rapid
decay of the pressure and directionsl digturbences which are, of course,
most intense immediately behind the bledes (see figs. 2 and 3, reference
3). Previous investigators (references 3 and 4) have stressed tho
importence of locating survey heads as close Lo the propeller as
possible; 1t now appears that, except for the slight uncertainity in-
troduced by slipstream conbraction, such olose proximity is highly
undesicvable. .

Hethod of Comparing Perfonnénce Charscteristics

As the merits of various blade forms are to be eppraiscd fram tho
viewpoint of ilhe constant-speed propeller, which necessarily operates
over broad renges of pitch, power coefficient, and advance ratio, 1t
will be necessary to define, at the outszet, the conditions under
which comparisons of performance characteristics are to he made.
Typical high~speed and climbing flight conditions are defined by Lines
I eand II, respectively, in figure 36, N _

Line I is actually a rectilinear .pprozimation of the (very slichtly
curved) curves of C, versus V/uD for the condition of maximum effi-
eilency for all of the blade forms tested. The parallel Line II defines
velues of V/hD which, at equal values of GP, ‘are 0.6 of those for
Jine I. These are the same conditions of camparison which were utilized
in discussion of the previous force tests reported in refercnos 1; de-
finitive coordinates of the two lines are:

- Cp _ V/nD Cs V/nD _
Line I 0,05 0,90 0,50  2.85 L .

Line II .05 <54 50 1.71

Moat of the comparisons to be discussed below involve combinations
of pitech angle and advance ratio which did not occur in the test pro-
grames Therefore, the thrust and torque grading curves. for such con-
ditions were determined by a procegs of interpoletion which vms,
necessgarily, somewhat involved; its principal features are 1llustrated
by figure 356(a). The ordinateg of the thrust grading curves in the

20
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lower part of this figure were taken from figure 28; the advance ratios
at which they were read correspond to the intersections of ILine I with
the Op versus V/nd  curves, for the several test pitch sebbings as
determined by the force tests of refereace 1. The contour chart

which constitutes the upper part of the figure was consitructed from
these grading curves and reconclled with the cross-faired curves

(not showm) of dCT/ﬁx versus B for fixed values of x. The thrust

grading curves for the desired intermediate pltch settlnga end advance
retios - which correspond to the attaimment of predetermined 7alues

of Cp under the conditions defined by Line I - werc constructed

by simply plotting the values of the contours at their intersections
with proper lines of g = constant (broken lines). The values of g
used for such interpolation were also taken from previcus force test
date (see figs, 34 and 35, reference 1). 4Yhe same method was applied
to the torques.,

Effects of Shank Form .

The changes of thrust end torque caused by enclogirg round blade
shanks with cuffs of airfoil profile are illustrated by figures 37 and
38. In exanining these curves, it should be noted that they represent
the effect of adding culfs while the pitch end advance ratio reuain
unchanged; in the casse of such a basic change of form, this is be-
lieved to give = more significant portrayal of the results tnan would
a comparison predicated upon the absorption of given amounts of power
at.equal values of V/mD.

It will be seen at once that the addition of cuffs has little or
no eff'ect upon the forces expsrienced by the unmodified outer portioms
of the blades so long as stalling does not ocour, Such discrepancies
es are apparent in the outbr portious of the grading curves for pitch
settings less than 60° are small and generally consistent; it seems
likely that they are due to minor differences of blade form and chance
experimental errors. This evidence tends ‘o verify the substential
independence of operation of the blade elements ~ a simplifying
asswaption of modern propeller theory which has, until now, had rather
scant experimental verificetion (see reference 5). It should be noted,
however, that the 60° curves of figure 38 indicate & marked influence
of ouffs upon the stalling behavior of the whole blade; while it is
recognized that these grading curves are quantitatively inaccurate,
the qualitative differences which they exhibit are too marked +to admit
reesonable doubt that the stalling characteristics of the two types of
blade are quite dissimilar,
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The prinoipal effleot of the addition of a oulf is seen to be a
marked increase of both the thrust end torque. of the immer portion of the
blade. The negative thrust which characterizes the round shank is mini-

mized vhen not entirely eliminated, And it requires only brief inspection

to see that the thrust is augmented in considerably greater proportiom
then is the torques Thus the improvement of efficiency in the unstalled
range, which was demonstrated by previous force tests, 1s now shown to
be the result of localized, rather than extensive, modificetions of the
thrust and torque grading curves. _ : : : S

The force tests of reference 1 have shown that the thiclkness of the
cuff profile -~ within the range incorporated in these models - has very
little effect upon efficiency in the normal operating range® and that the
thicker c¢iiff enjoys only & slight superiority at reduced advence ratlos.
There iz, therefore, little cause for surprise in the absence of marked
differences between the thrust and torque grading curves for such models.

In figures 39 and 40, the radial distributions of thrust and torgue
over thick- and thin-shenk blades (P, and Pyp) vhich have identicnl

plan forms (but somewhat different piteh distributions - see fife 3)
are compared under six typical operating conditions, that is, at three
values of C and at advence ratios which correspond to representative

high speed (Llne I) and climb (Line II) conditicns of flight. These
grading curves were obtained by the method illustrated by figure 36(a);
the pitch settings for which the interpclations were carried out were
deduced from the force test date of reference 1 by the use of an
euxiliary chart similar to figure 34 of the report an thet work. To
enable the reader to compare the blade angles of the two models under
these ccnditions, the deduced pitch settings are tabulated belaow:

B__at 0.75R (deg)

T Line T : ~Line II
c v
% (V/mD) Py By, (vth) PbE Pon
0.l (1.27) 29.8 29.8 (0.76) 22.2 22.3
.2 (1.80) 39,9 39,8 (1.08) 32.0 32.2
.5 (2.85) B3.7 53,4 (1,71) 48,0 48.1

TAt the small Mach numbers of these tests., However, it should be
appreciated that if resultant velocities at shenk radii become suffi-
cently large, thick profiles will suffer earlier shock stalling than
will similar thin ones of equal design lift coefficient.
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It will be apparent, upon reference to the blade twist curves of
figure 3, that the differences between the grading curves of figures
59 and 40 are in qualitative agreement with the pitch distributions of
the two models, that is, larger forces are experienced by the elements
which heve the larger pitch engles. Thus the survey results are con-
sisteat with those of the force tests in the indication of no significant
differences between the performence of models witll thick and thin cuffs
in the unstalled range. T .

Examination of the elemantary thrust and torque curves for these
models (figs. 24 to 27) fails to reveal significent differences of
shenk characteristics in the stalled range of operation. Particularly,
there is little evidence of the marked difference between the stalling
characteristios of thick and thin shenks to which the greater merit of
the model incorporating the thick type was tentatively ascribed in
reference l. Only one set of shank element ourves, those for station
No, 2 {(x ="0.253) at ﬁo _— 600, furnish definite corroboration;

in this instance the thrust of the thick element (Pyy) substantially
exceeds that of the thin one (PCZ) at small velues of V/nD whereas

their torque curves are practically indistinguisheble. However, this

isoleted bit of evidence is so scant that such advantage as Modsl PGH

enjoys at reduced advance ratios cannot be fairly credited in greater
measure to shenk profile effeots than ta the influence of pitch distri-
bubion, It is unforbunate that two models differing only in thickness
of cuff profiles were not available for test so that this question might
have been definitely settled. HNevertheless, in view of the adverse
effects of shank stelling which are brought out in the following section,
the recommendation that shank profiles having smell maximum 1ift co-

efficients be avoided would still appear warranted.

Effects of Pitoh Distribution .

The models selected for wake survey studies of the effects of piteh
distribution were ‘the extreme members of the uniform snd non-uniform
piteh series, that is, U24, UBO, 0.45, and 0.8E, Thrust and torque
grading curves for these models, when operating under the six conditions
selected for enalysis in reference 1, appear in figures 41 and 42,

The qualitative agreement between these curves and the corresponding
curves of angle of abttack (figs. 37 and 38 of referecnce 1) would appear
to have considerable significemce. Comparison will reveal that the
elementary thrust and torque venish under the conditions characterized
by zero values of the angle of atbtack and that. they do so at values
of x which correspond very closely to thése indicated by the curves

23
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referred to above. (It should be recalled that the angles of attack
plotted in figures 37 and 38 of reference 1 ars measured with reference
to the 1irlt axes (no 1ift lines) of the profiles and thsat induced ve-
locities were ignored in their evaluation.)} Furthcr exsmination shows
that tle elementary thrust and torques of the different models attain
equality under the various conditions at values of x which very
closely approximete those at which the corresponding pgeometric angles
of atteck are equal, Additional evidence of correspondence will be
found in the relative magnitudes of the elementary thrusts and torques
at fixed values of x: +they are in excellent general apreement with
the magnltudes of the corresnponding sngles of attack,

Attention is now directed to those features of figures 41 and 42
which reveal the underlying sources of the superiority and inferiority
of the various pitoh distributions. The grading curves for Licdel 0.4L
stand apart from those for the other three; they indicate that the tips
are very heavily loaded and that the inner elements produce negative
thrust under all conditions of normal flight operation, That both the
negative loading of the shenks and excessive loadinpg of the tips preoclude
the attainment of high efficiemcy is, of course, apparent from the view-
point of momentum theory. The lack of sufficient twist to avoid these
objectionable characteristics is thus seen ‘o be the origin -of tha
generally poor performance demonstrated in previous force tests of this
model (aee fig. 31, reference 1),

The force tests show, however, that in operation at—high power
input (large C,) and reduced advance ratios, iiodel 0.4E is more
efficient then eny of the types which incorporate preater total angles
aof blade twist. Although the effects of such superiority would be cor-
fined to take-off and low-speed climb performance, the source of syon
these limited advantapges deserves investigation.

fone of the six sets of grading curves in figures 41 and 42
depicts a condition in which liodel 0,4E outperforms the other typcs
because the smeller of the two selected sets of adveance ratios corre-
snonds to normal, rather than to very low-speed, climb. Hovever, it
will be seen in figure 42 that as Cp increascs along Line II (normal
climb) the distributions of thrust and torque over the outer portions of
the 0.4E bledes apnroach those of the more conventional types while no
such coalescence occurs in the inaer reglon., This fact ie even more
clearly illustrated by the seotion lift coefficient curves of figure 47
and it is vworth noting thet these curves canform well with the corro-
sponding angle of atiack curves, figures 37 and 38 of referenge 1, i

The section 1ift curves for Cp= 0.5 atid V/nD = 1.71 olearly

indicats that the shank of Model U24 has already stalled and that those
of U60 and O.CE may be expécted to do so shortly, It tuerefore appears
reasonadle to believe that as the advance ratio is reduced still more

2L
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and the pitch settings are further augmented as required for the mein-
tenance of a constant velue of CP, the efficiencies of the conventional

shanks will deteriorste much more rapidly than will that of Model O.4E,
while the behavior of the outer portions of all the blades will differ
very little. It thus appears that the prevention of shank stalling by
the incorporation of a relatively small angle of twist in the 0.4E blades
is responsible for the superiority of this type in the low-speed, high-
power range. ' ' :

Returning, now, to considerstion of the other three pitch digtri-
butions for which grading curves are shown in figures 41 and 42, it
appears that under comparable operating conditions, Models 0.8E, U24,
and U0 experience loadings which differ only by small amounts and that
the mutual relationship between these differences is altered very slightly
by large changes in the oonditions of operation, that is, the grading
curves are closely grouped and the spacing varies only slightly. This
is due, chiefly, to the smallness of the ordinates which necessarily
characterize small values of x. In this case, nlso, the seobion 1lift
coefficient curves of figure 47 give a much clearer picture of the con-
ditions which actually prevail, These ourves show that under typical
high-speed operating conditions (Line I) the inner elements of Models
0,.8E and USO work at much smaller 1ift coefficients than do those of
Model U24., This is also true = although to a smaller degree - in climb,
so long as the advance ratio and pitoch setting are not large. These
facts are in sccord with the angle of atback curves of reference l.

Since the operabtion of blade elements at negative 1ift coefficients
cennot fail to have an unfavorable effect upon efficiency, filgure 47
varrants the expsctation that Model UB0 will be less efficient than
Hodels U24 and 0.8E in the high-speed (Line I) conditions which corre-
spond to CP = 0,05 end 0.2. This is confirmed by the force test results

(see figs. 30 and 32, reference 1). The seme criterion would indicate
the superiority of Hodel U24 over liodel 0,8 when GP== 0,N5 ard

V/uD = 0.90; the force test resulbs in this case differ imperceptibly, al-
though & difference of tho predicted sense esppears at slightly greater

 values of V/aD with Cp= 0,05 - (see fig., 32, refersnce 1), With

Cp= 0.2 eand V/nD = 1.80, the section 1lift coefficiemts of liodel U24

are more nearly uniform than those of Model 0,8E but force tests show |
that the efficiency of the former is negligibly supsrior under this cone-
dition. In view of the still considerable differences between the gection
lift cosfficients for the shanks of the three models when Cp = 0.50 and

V/aD = 2.85, it is interesting to note that force tests revealed no ap-
preciable differences between the over-all sfficiencies actually devel-
oped.
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Cl.ear-cut reasaong for the relative mwerite of these ihree models (U24 .
U60, and Q.8E) under typlcal clinbing conditions are obvious in only one
ease:  tiat for which Cp = 0.50 and V/nD = 1.7t. There it 1s apparent

in botu figures 42 and 47 that the shanks of the highly twisted blailes,
U24, are gtalled whereas those of Models 0.LF end UBO are still operating
et nigh 11ft coefficlents. R e =

J

ol

In the intersediate nover condition for Line IT (CP = 0.2), the :
throe mets of grading curves (figa. 41 and 42) and the correshoniing
soction 117t curves (fiz. 47, differ very slightly except in their
wnnernost portions. Fowsver, the sectlion 1ift curvoes fur Models 0.8E
snd U24 exhibit protruding, rounded veaks which 4o not conform with the
previouely deduced clirved of geomebric angle of attack. It appears —
Jrobable that tiis discrepancy is the rasult of imcinient stalling of
the vuter blade elemsnts of thege two models, I go, it might be
cxpected that their efficiencles would be adversely affected with
reference to-that. of Mcdel U6U. Nevertheless, force tests have
shown Model U24 to be definitely superior ko the other +wo under this
condéit:on. The only explanatlon which would mppear tu be recorncileble

with tiese facts is that the adverse effects of outer blade stalling in
the caee of Model (0.8E, and of reduced shant-1lnading in the cases of
both 0.8E and UG0, are greater than that due to the (probably) lees
gevere stalling of the outer portions of Model U24, The fact that
the angles of attack of the outer elements of Model U24 are smaller
than those of 0.8E lends support Ho tkia conJecture.

Analysis of the cliumbing condition characterized by Cp = 0,05 and
V/nD = 0.54 is no leéss d1fTicult. In this case, the loading of the : _
shanks of Model U24 is heavler, and that of the outboard nortions soms-
vhat lighter, than is the casé for the other two models. However, the

sectlon 1ift coefficients for the cuff elements differ widely whlle

those for the outer aeleuwents are of the same order., The relative B
importance of these differences vrachtically defies appraisal - - -
rarticularly when 1t is reallzed that under this condition =all threo
models develon apnroximately 80 percent of the ldeal efficiency
pradicted /g simple momentum theory (see figz. 33, referenco 1;

(V/nD) Cp 1.43),

Frsm the foregoing compsarisons, canfusLnU though +hcy seem.in certain

ingtences, it is vpusalble to deduce some Facta of considerable 8ignifi-

cance. -It ig quite evident. that for efficiont constant-spoed’ opsration,
blade tw1st should be sach that shank elements will not onerste at nega-
tive section 1lift. cosfficients in high-svezd flight, that stalling of i
the shanxa in teke-off and low-speed climb #ill Hé mindotsed in 85 far T
as possible, and that substantial uniformity of section 1ift coeffi-
cients will prevail over the whole blade in normsal cruising and high- Cx

gpeed flight, The desirability of uniformity is indicated by the Line I )
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comparisons vhich give evidence that the adverse effects of non-uniformity
are most pronounced when the everage seotion lift coefficient is s_g_l_a_.l;L.

The recommendation of & blade twist curve of the "envelope" type
as best suited to fulfillment of these requirements is thus in full
agreement with the conclusion drawn from the force tests of reference 1.

' Independence of Blade Elements _
The data obtained in this investigation offer an opportunity for
more extensive and thorough verification of the oconcept of blede element
independence than has been accomplished heretolore. The results of the
experinents made by Lock, Bateman,and Townend sbout twenty years ago
(referonce 5) were swmarized in the statement, "“The agreement with
thsory wes good except in certain cases near the tip end boss of the
airscrew," - and little or no further attention appears to have been
given to the question since then. It is worth nobing that these early
experiments were made with bladss vhose twist curves deviated only
slightly (7.8°) within the renge of radii explored (x = 0.45, 0.6, 0.75,
0.8) and that the tests were ma.d.e at smell pitch settinpgs and advance
retios (By 75 = 23° to 33.5% V/uD = 0.437 end O, 570), Moreover, the

reference to elements “near the...hoss of the airscrouw" is somewhat mis-
1ead1nr- because the location of 'bnn immermost element investigated wa.s
= 0 4:5. T R

As all of the three-blade models involved in the present investi-
gaetion were tested at the same pitch settings at 0.753, verification was
begun by plotting the mean curve values of dCT/dx and dCQ/d.x for

station 6 (x = 0.752) apainst V/nD. The resulting curves are repro-
duced in figure 43. It will be secn that agreement within the unstalled
range is excellent for pitoh settings of 129 to 4892 and that deviations
emong the 60° curves do not greatly exceed the probable limits of ex-
perimental errorse Thus, the forces which act upon the 0.75R element

of any of theuse blades can be safely said to be substantially unaffeoted
by the forces on the other slements.

To extend the verification to corresponding elements which were not
sot at equal pitch angles during the tests, a mors compliceted procedure
had to be adopted, First, the values of V/nD at which cértain values
of dCT/dx were attained by four elements of each of the three~blade

nodels were read from firmures 28, 50, 32, and 34 and plotted e.ga.mé‘b
the pitch angles of the slements in the upper charts of finure 44,
(The sbsoissas are designated "B _" %o avoid possible confusion with

nominal pitch settings at 0.75R. ) To make the comparisons complete, the
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corresponding values of dCQ/Ex were read from figures 29, 31, 33, and

35 and plotted against V/nD, as shown in the lower charts of Ligure 44.
The plotted data have been teken entirely from the unstalled ranges of
operation to avoid the complication of double values., The absence of
serious scattering among the points of figure 44 makes 1t unmistakably
clear thet the forces on a particular element of one of these propellers
ere practically unaffected by the forces on ths remainder of the blads,.

In this connection, however, it should be remembered that in both
these and the earlier British experiments, only the effect of altering
the twist, and not that of verying the plan form, has beeu investigated.
In the somewhat enalogous case of the wing, the relative influence of
twist diminishes as the average section 1ift coefficient increases, and
it would appear that a similar influence might be expected in the case
of a propeller blade. If so, the Interaction between adjscent elements
would assume relatively large proportions only when their angles of
attack were small and the resultent effects would, therefore, be of
small absolute magnitude. On the other hand, ths effects of plan form
variations are still unexplored end, to judge by the wing analogy, it
would not be surprising if verification of the concept of independent
sction of blads slements were to be found impossible when attempted with
blades having different chord distributions,

Seotion Iift Characteristios

Because the data obtained in theso experiments were seen to afford
an unique opportunity to clarify some hitherto controversial questions
of fundamental importance, the somewhat laborious task of calculatimg
section 1ift characteristics for several models was undertalen with the
following objectives in view:

() To compare the variations, with advence ratio end sngle of
.attack, of the section 1ift coefficients for corresvonding elements of
models which differ only as regards pitch distrlbutlon and number of
blades. - ) _ L L _

¥
»

(b)  To determine the values of the section 1ift coeffioients which
prevail under operating conditions representative of normal olimbing and
high-spesd flight.

(c) To test the validity of Glauert's basic momentun-vortex theory
by using it to deduce the values of the "effective" 1ift curve slopes and,
by comparing them with accepted two-dimensionel values, to appreise the
necessity of greater theoretical refinement for the accurate prediction
of propeller characteristics from airfail section data,.
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In connection with the sslection of Glauert's simplified theory as
the basis for the section 1lift calculations, it should be noted that although
this theory is strictly applicable only to the propeller with infinitely
numerous blades, its adaptation to the case of one with a finite number

is stated to require only very smell corrections (reference 6, pp. 288, 269).
It is also poinbed out that while the accuracy of the deduced angles of
attack may be open to some doubt (as result of the approximate method of
evaluating induced velocities), no such uncertainty exists with referonce

to the values of the section lift coefficients themselves.?

The formules required for the evaluation of the section 1lift
characteristics have been developed in & preceding section of this report;
the tabular form used for routine calculation is reproduced es table II,
Illustrated there are the camputations necessary for the determination of
e single section lift coefficient and the corresponding angle of attack.

Calculations were made, first, for four elements (x = 0,253, 0.520,
0,752, and O. ;928) of the two three-blade modéls which diffser most as
regards pitch distribution (U24 and 0.4E); the calculations wers then a
repeated for similarly located slements of one four-blade model (F )
The results are tabulated in table II and presented as charts of _QL

versus V/hD end c¢, versus  in fipgures 4b and 46, respectively.

L
The section 1lift coefficients plobtbted in figures 45 were derived
from wake date limited to thoss ranges of advance ratio within which there
is reasonebly close agreemsnt between the results of force and weke survey
tests. Perhaps the most striling feature of this chart is the similarity
between corresponding sets of curves for the various médels.® The close
agreement betireen the maximum lift coefficients attained by corresponding

elements, regardless of number of blades, is guite e7vident in the two
lower rows of charts. leck of similarity between the curves for the
inmermost elements (x = 0,253) is, of course, the result of differences

1Because the magnitude of the resultant velocity is negligibly
affected by small variations of induced velocity and the correspondingly
sme.ll changes in the direction of Vr can have little influence upon the
velus of 4L', +the component of dJR' which is perpendicular to V. (see

diegrem E, p. 14). o o _ S =

2 _ .

These three models have identical developed plan forms and Iincorporate

the seme profiles at equal radii. - o

sThe use of different pltch settings in tests of three- and four—blade
medels should be noted,
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between the distributions of pitch which diverge widely only in this
region. The very peculiar shape of the €600 curve for the innermost
element of Model U24 arises from the attainment of the oritical angle of
attack while the local pitch angle exceeds 80°.

The absence of peaks in the curves for the inner elements (x - 0,520
and 0,253) not only indicates that stalling occurs first on the outer
parts of the blades bub, also, that some peculiarly favorable condition
must exist to permit the attaimment of such -abnormally large values of
oy, by these sections which are not distinguished by unusual ocamber.

All evidence points to the operation of an automatic boumdary layer removal
mechanism, probably the pumping of the boundary layer of the inner elements
toward the region of lower pressure which exlsts farther outboard.

In figure 46, the section 1lift coefficients have been plotted
against the angle of atteck, Exemination reveals no identifiable segre-
gation of the points for three- and four-blade models, and the only recog-
nizable general trend appears to be one toward slight reductica of the
1ift curve slope with inocreasing pitch. ' The marked inorease of ch/ha

from tip towerd root is evident in the groups of points for the three ocuter
stations but the values for x = 0.253 are po scattered as to make esti-
mation difficult in thet case, lHaxmum valuocs of o (goms of which

are too great to permit inclusion in this chart) appear to depend markedly
on pitch setting -~ and inoreasingly so as the element undor oconsideration
moves toward the hub, This fact tends to substantiate the boundary layer
hypothssls previously suggested.

Another set of section 1ift coefficients have been calculated from
- the tyvical grading curves of figures 41 and 42; cowpubabions wers made
for nine stations in order that curves of ¢y, versus X might ke well

def'ined near the root, tip,and ocuter limit-of the cuff. The numorical
velues are given in table IV and they have been plotted ageinst radial
location in figure 47, a chart which has been the subject of previous
-discussion. These curves ere of particular interest, now; becaunse they
80 clearly 1llustrate a basic propeller characteristic which is not
generally recognized: It is the increase with pitch angle of the average
- section 1ift ocefficient at which a. given propeller atteins maximum
efficisncy. Remembering that Line I very closely approximates tho cone~
dition for maximum efficiency at all pitch settings, the "hiph speed"
cherts of figure 47 reveal that vhen C, - 0,06 (ﬁo 75R = 23%) the

section 1lift coefficlents average about 0.4, that vith Cp = 0.2

(ﬁ0.75R 43°) the average value incromses to approximately 0.6, and that

when C_ = 0.5 (B

P 570) it is approximately 0,7.

0,75R
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It is emphasized that the foregoinpg values correspond to maximum
efficiency and that the majority of the normal working range involves
still larger angles of attack and greater values of Gre It should

therefore not be surprising to see, in the Line II charts, that section
1ift coefficients as great ag 1.4 to 1.6 may occur in nomal climb at
high power. Attention is consequently called to the degirability of
incorporating profiles which have relatively large design lift coef-
ficients in the blades of propellers intended for operation at high

pitoh angles. _ _ L e o e

The section 1lift coefficiembs which were derived from figures 41 and
42 (table IV) and used to define the curves of figure 47 have been re-
plotted against angle of atback in figure 48, Values for corresponding
elements of all four of the three-blade models (U24, UBO, 0.,4E, and 0.8E)
appear in each of the nine charts of this figure.l It is evident that
the points for all but the two inner elements define at least the lower
portions of the 1lift curves so well that their slopes and the angles of
zero lift can be destermined with considerable certainty. The values of
dep/da end of Qo are plottcd against x ia figure 49,

In figure 49 it will be seen that, despite the similarity of shape, _ _
the differences betwsen the calc-ilated end experimentally debermined -
values of Qi are considerabhly greater than those ordinarily revealed by

+tasts of model sirfoils. Although such differences could erise entirely
from profile malformations, two other potential sources of discrepancy
exist in the present case; they are inaccuracies of blade twist and

such errors as may be inherent in the necessarily indirect method used
to determine aID' The apporbioning of responsibility for these dis-

crepancies must therefore await further esnalysis.

The question of the practical applicability of Glauert!s theory
of the idealized propeller remains to be examined., Since that enalysis
bases the prediction of blade element forces upon the infinite aspect
ratio characteristics of the profiles, wverification of its apulicability
would require that reversal of the process, thet is; deduction of "section®
1ift oharacteristics from wake survey deta, yield 1lift curves charac~
terized by slopes appropriate to two-dimensionel flow. The failure of the :
theory to yield this result will bs seen in figure 49 where the lift curve -
slopes from figure 43 have been plotted sgainst x, The ordinates of _ - .
this curve are not only non-uniform but, with limited exception, they

1Iight lines which extend from clusters of spots carry at their outer
" ends reference dots and small “flags" vhich epable the identification of
points whose distinguishing aymbols are obscured. ; —_ .

3L
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fall far short of normal infinite aspect ratio 1lift curve slopes
(approxs 0.10/deg’ . The finding of such large discrepencies clearly
demonstrates that a considerable refinement of Glauert's elementery
theory would be required for the accurate prediction of propeller
charecteristics from airfoll section data.

The character and distribution of the discrepancies of 1lift ourve
slope revealed by figure 49 indicate underestimation of the induced
veloocitiss at nearly all radii and continuous inorease of the de-
ficienoy with redial distance over the oubter portion of the blade.l
The principal source of these errors appears to he Glauert's assumption
of wniform induced velocities at all points of the annulus swept by a
given element. Such & concept cannot be reconciled with the local
augmentation of induced welocity in the neighborhood of one of the wings
of & multiplene,snd it is emphasized that local augmentation would persist
+ven though +the number of the multiplenets wings were to be increased
indefinitely while the tobal wing area and front view dimensions re-
nained unchenged., This enalogy would lead to the anticipation of
deficiency of the induced velocities caloulated by Glauert's method -
even in the case of the propeller with infinitely mumsrous blades.
Moreover, the deficiency might be expected to increase with radius, for
bledes of nomnal plan form, as a result of augmentation of the enalogue
of the multiplane's gap/chord retio, The severe deficiencles of 1ilt
curve slope (and induced velocity) near the root and tip can be logiocally
ascribed only to the concentration of trailing vortices in those regions.
Glauert tekes cogniszance of this in his "tip corrections" (for the offect
of & finite number of blades) but the application of such corrections
cannot-be expected to accomplish more than elimination of the sharp
decline of 1lift curve slope near the tip. ) ;

In view of the evident shortcounings of Glauert's method, it would
appear loglocal to examine the existing disorepancies against the back-
ground of Goldstein's more elaborate theory (reference 7), This analy~
sis of the ideally loeded proweller with a finite number of blades
yields induced velocities which, over a large part of the blade - end
increasingly so toward the tip, exceed those calculated by the momentum
method of Glauert. As the deficiencies of 1ift ourve slope revealed
by figure 49 also increase toward the tip, it is apparsnt that applicstion
of the (toldstein theory to these wake survey data would have the effect
of reduning the discrepancies. And elthough extersive racalculation would
be required to obtain quantitative verification of the Goldstein theory

- E— R e—— P PO ——— T T T
1 The fact that the oubter portion of this particular curve of
dcﬂﬁiu,versus x 1is quite accurately defined by the squation
doﬂ/da,m 0.656 x-'L/B is noted, but its significance, if any, is not
apparents. - A —
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in this cese, the evidence presented in reference 8 - vhich vas released
to the writer after the present analysis had been completed - gives good
reason to anticipate that the resulbt would be a very substantial improve-
ment of the agreement vetween theory and experiment,

CONCLUS IONS : Ce—

This investigation, which had as its basic objective the brcadening
of existing lknowledge of the factors which control the effisiency of
constant-spsed propellsrs, has brought to light the following notaworthy
facts:

1, When faired hlade shanks are substituted for round ones, the
consequent improvement of efficiency results from the relatively larger
augnentation of thrust than of torque and, until stalling occurs, these
effects are strictly confined to the modified portions or the blades.,

2. The stalling of blade shanks, whioch ocours durine take-off end
may occur at edvance ratios utilized in normsl climb, has en adverse
effect upon efficiency which is amplified as CP inoreases,

Zs Pitch should be so distributed es to preclude the operation of
any blede element at a negative lift coefficient in high speed flight,
to minimnize shank sballing at reduced advance ratios, and to provide
subsbantial wniformity of the section 1lift coelficients undor conditions
of nomal cruising and high-gpeed operation, A blade Twist curve of the
"envelope" type appears best suited to the fulflllmsnt of these require-
nents.

4, The theoretically predicted independence of blade elements has
been substeantially verified in so far as btwist is concerned bul similar
confirmation of the effect of blade width distribution romeins unac-
complishsd and, in the suthor's view, imnrobable.

5. The radlal veriation of section 1lift coefficient is in qualitative
accord with that of the geometric engle of atbtack as caloulated without
consideration of induced welocities.

8. The attaimment of abnomsally large 1lift coefficients by slightly
cambered shank elements is ascribed to the existence of a favorable radial
pressure gradient which serves as a boundary layer pump,

7. The average section 1ift coefficient et which marximuw efficiency
is attained increases with pitch and, in the case of the present models,

atbains a value of 0.7 vhen BO 7gp 18 between 550 and 60°, _ e

33
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8, A more exact theory tham that of Glauert is required for the .
aocurase prediction of propeller characteristics from airfoil gection _
data.

Stanford University, -
Stanford University, Calif., May 9, 1945.
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APPENDIX

Evaluation of AP

For the evaluation of £P, use is made of the relationship usually
credited to Joukowski

2 1
- - po - 1
Py = Pyo ¥ Pz = Py ¥ PW /2 (a1)

in which p., and p.. are, respectively, the totel pressures im-

mediately bel.ind and in fromt of the propellsr, p; and P, &are the

corresponding static pressures and w is the tengential velocity of
the air just behind the propeller. Substitubing

3
AP"; = P'bl - P‘to; AP: pl - PO; and qw= pw /2 (AZ)

-~}
equation (20) becomes .

CAL) T Ah...adéj,f;f- _ e

+
Apgy = Op - q __(a3)

Dividing by the dynemic pressure of the undisturbed stresm and sub-
stituting _ '

APy = Apy/q AP.= Apfgend E =q/q (a4)

yields a .=

Lp = [
Lp APT-E (A5) S

Thus, the (thrust-producing) change of static pressure differs from the
change of total pressurs by the quantity B, which represents the ro-
tational energy imparted to the slipstream.

Although the use of shielded total head tubes ensbles accurste
measurement of AOPp (which is not true of the plain tubes used in pro-

vious work), no method is known for the direct determination of Gy or E.

'Sec reference 8, Pe 233, equation (2.3).
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However, 1f the axlal velocity through the propsller disk is known, the
value of E can be deduced from the yaw head pressure difference as
outlined below. According to {(9)

W o= py/puK (A6)
whence
= rAY (A7)
W= 2pu® 3
end L - : -
e v A
Ee PuapV2 (py> | ey
If there is introduced (rV = u) and PY py/(pV /2)
E = A s L (A9)
Yp= ( ) ?

The problem which now remasins is -that of evalusting r, +the ratio
of the axial velocity through the propsller disk to the velocity of the
undisturbed stream. The average value of r is implicitly defined by
Froude's eguation )

T e 2.Apvaa(1 + a) (A10)

wherein T isg the-tobal thrust, A thé gisk aréa, v %he veioci%y of
advance end 1 + a = r. Substituting ™3[4 for 4 and dividing by
pn®D%  to obtain the thrust coefficlent

2
m sV
c - t—-——) 1+ (A11)
T = 5 \nD B.( a) | ]
whence
6% 3 g - X __> T (A12)

Now, since r =1 + &,

Irr=
2
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APPENDIX B

Evaluation of =&

The mothod of evealuating e which is described in the preceding
appendix involves the implicit eassumpbion that the thrust is wnmiformly -
distributed over the propeller disk. As such is never the case, the o -
values so ccmputed are of approximate character but are satisfactory
for the intended purpose of improving the accurecy with which the |
elementery thrust coefflicients are determined from weke survey data.
However, the use of such approximate values of a 1in the evaluation of
section 1ift coefficients would jeopaerdize the accuracy of ‘those results
and, since the value of a for each element can be rigorously determined
from knoviledge of ths corresponding value of dCT/Hx, that procedure

was followed, The development of the equation used for this purpose is
outlined belowr, _ T —— - -

According to the momentum theory, the thrust of the blade elements

located at the radius r is o .
2 . . -
dT = 4mprdrV a(l 4+ a) (B -

in vhich V is the velocity of advance and V(1 + a) 1is the velocit

through the plane of rotation. Substituting xD/2 for r and- 2
for o Do b L bULiig . A L
2 2 _ - -

aT = wph V-a{l + a)xdx : (B2)

The corresponding elementary thrust coefficient is

aCp  gT/ax ¥ \2
iz = PnéD4 = ﬂ'(;ﬁi) a(l + a)x (B3)

If this equation is rewritten as

. dCqp/dx
a + &8

-—— = 4
mx(V/nD)? © i (B4

the value of e is found to bs -

/ . W(acqp/dx)

—ljy/ 1 ——
2
. = nx(V/aD) (B5)

2
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For the oalculation of section lift coefficients, values of 8 were ~

read from a curve of a = f [(dC«I/dx)(nD/V)E].

Evaluation of &

The effective angle of advence of the ble.de element in diagram E
(p. 14) is ] ) . L

&= tan [ _TQ +e) -] (36)
2mrn(l - at) :

in which aV and 2mmea' are the magnitudes of the induced axial and
tangential velocities., Vihem r is replaced by Dx/2 _ T

ew{ LOED] e

and the squation becomes non-dimensional. Since x and V/nD will be
known, end as a ocan be caloulated as outlined above, the only additional
information required for the determination of & is the value of a',

Tre general momentum theory postulates the tangential velocity of
the air in the plans of rotation as one-half thet immediately bcehind
the blades. If the latter i wr, the fomer - the induced tangential
velocity - is

2Mnrat = wWr/2 (58)

whence oo s oo T e e et —
4inat ¥ W (59)

The torgque required to accelerate a cylindrical shell of air (1ength .
V(1 + a), mean radius r, radial thickness dr) from rest to the -
tangential velocity wr in unit time is

=- =
-

d? = o V(1 + a)2prdr X wr? (810)
Substituting Dx/2 for r, Ddx/2 for dr and 4%ma' for w, .

A P a & 3 -

al = - V(1 +a)r na'd x dx (r11) .
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The correspondinpg elementary torgue coefficient is

e 4 3 2 3 R -
dCy  4Q 1 pV(l+ ayrna'Dx Tx (1+ a)a’ .
. v
— s —x = = . (}_ ) (B12)
2 n5 2 n5 IJD -
dx dx oo D 200’ D 2
whence - C- R T —

2 dc

at (—3) (B13)
ax

mox (1 + 8)(V/aD)

1

Thus the calculation cf & is accamplished by the substitution
in (B7) of the values of & and a' which are evaluated in accordance
with (B5) and (B13), respectively. It will be noted that the only
data required are the values of x, V/hD, dCT/ﬁx, and qu/ax.

ATPENDIX C

Spinner Drag Correctious

Ags the spinner surface constituted the inrer limit »f the region
covered by these surveys, the apparent thrusts determined by integration
necessarily exceed the true net wvalues, which are obtained in dyna-
memeter tests, by the amounts of the spinner drag. .Since spinner torque =
if appreciable - would be detected by the yaw heads, the survey results
need only be corrected for spinner drag in order to be made fully com=-
parable with those of roubine force tests on the same cambination of
propeller and spinner,

To obtain the data required for these corrections, spinner drag vwas
measured - as nepative thrust - on the dymenometer., With the blade
aperbtures smoothly covered, the spimmer was driven at speeds renging
from 700 to 2100 rpm while dynamic pressure was varied throughout the
renge ubtilized in the surveys. The effect of robative speed was found
to be negligible. This enabled definition of +the spinnser drag coef-
ficient as & funotion of dynamic pressure only; coordinates of the
resulting curve are tabulated below:

q (1b/ft3) 2 8 14 20

CDs 0.00200 0.00191 0.00183 0,00178
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It should be noted thet Cpg = Dg/q D?, in which Dg is the drag of
the spinner and D +the propeller diameter. Had the cocfficicnts bosn
based upon frontal ares of the spinner (diame = 5 in.) inst:ed of

D° (D= 33.6 in.), their values would have been 57.5 times those
listed above; that is, they would have ranged from 0.115 te 0.101.

The following rolationship indicates the reason for selection of
the feregoing form of drag coefficient

2 2
I I A TY A0 (o1)
TET D T 2pntD®  © 2 \wd/

It will be seen that, as the value of Cpg is fixed by that of gq,
the direct evaluation of ACp requires only Ikmowledge of tho valuos

of q and V/nD. The substantial constancy of Cpg sand coneequent
approximate proportionality of ACp to (V/nD)® thus indicate tho
importance of the spimner drag correction at large advance ratios.

Lo
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TABLE I

Model P Bo. 75 = 20° Wodel B, By mop = 20°

¥V/nDh = 0,33 0.5 V.7 0.8 0.92 V/nD = 0,3 0.8 0.7 0.8 0.92

0 +0.00)6 +0.0010 +0,0002 ~0.0001 +0,0004 0 +0,0025 +0.0024 +0,0015 +0.0012 +0,0002

1 0036 ,0025 ,0015 + .0010 .0020 1 L0066 .0051 .0035 .0030 .0012
2 0131 ,0128 ,0110 .0090 0070 2 L0179 ,0170 .0139 0111 0069
] 0232 0225 .0186 0155 0107 3 0261  .0249 0205 .0164 .0110
4 0299 0278 0224 .0182 .0120 4 0302 0280 0231 .0183 0115
5 0336 ,0304 0242 ,0185 .0107 b 0330 ,0297  .0245 .0187 ,0109
8 0345 0511 ,0262 ,0180 .0001 6 03560 0301 0250 ,0182 .0095
7 0549 L0310 .0258 .0169 ,0068 7 L0356 0305 .0257 .0177  _0Q%S
8 L0543 0299 L0236 L0163 .0049 8 0346 L0293 .0238 0169 ,0062
9 L0314 0254 L0187 .0110 .0027 9 »0300 0245 ,0189 0121  ,0040
10 .0031. .0041 ,0075 ,0048 .00L0 10 0081  .0075 0072 0060 .0019
¥odel Pcﬂ- ﬂﬂa?...‘;ﬁ = 20° Model ch BQ.'?ER = 90°

¥/nD = 0,33 0.5 0.7 - 0.8 0.89 V/oD = 0,34 0.6 0.7 0.8 0.92

Sta. aq/ax Sta. d.CQ/d.I
0 40,0020 +0,0019 +0,0009 ~0.0002 -0,0015 0 10,0023 40,0024 +0,0015 40,0002 ~0,0020
1 .0040 0037 .0020 + .0008 - ,0005 1 L0045  .0046 ,0035 .0018 - .0013
2 .0160 ,0152 ,0123 .0101 + .0070 2 0141 .0142 ,0124 .0100 + .0065
3 0249 ,0235 ,0191 .0160 .011B 3 0236 .0230 .0lg¢s5 .01l61 0105
4 0300 ,0275 .0226 .0185 ,O1R0 4 L0505 .0RB83  L,OR35 0193 .0124
S 0350 .0295 .0241 ,0193 .0116 b 0339 L0505 0262 ,0202 ,0119
6 .cﬁsﬁ .0366 -0245 .(—)167 10105 6 |0351 I6314 L] 0263 colgo .0095
7 0360 ,0310 ,0249 0182 .0096 7 0345 .0308 0250 .0185 0062
8 03556 L0300 ,0242 L0155 .0060 8 0325 .0288 ,0211 ,0130 .0026
9 .0280 .0230 .0174 .0115 ,00R0 9 L0270 0224 ,0142 ,0087 .0002
10 L] 0049 00065 a mgo .0055 nd .0’015 10

0080 ,0059 ,0058 0042 -~ 0007

*ON NI YOVH
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PABIE I - Cont'd

-9
. v}
— [+] —
ﬂO.?ﬁR = 12 Model U-24 BO.?& = p4°
V/oD = 0,305 0.4 0.5 0.615 V/nD = 0,326 0.58 0,75 0.85 1,135
Sta. dCqfax Sta, alg/ax
0 +0.0014 40,0015 40,0015 40,0011 0 +0,0030 +0.0027 +0,0028 +0,0021 4+0.0003
1 .0027 .0028 .0026 .0021 1 ,0060 ,0055 ,0054 .0041 0007
2 L0071 .0065 .0055 ,0040 2 ,0ls4 0152 ,0124 .0095 0041
3 .0098 L0088 .0072  .0045 3  ,0245 .0213 ,0186 .01%8 .0063
4 ,0114 L0097 .0076 ,0041 4 .0333 .0260 .0256 .0178 ,0083
5 .08 .0095 .0071 .0032 - 5 ,0397 ,0305 ,0275 .0R06 .0095
6 .0109 ,0089 .0060 ,0020 6  .0436 ,0334 .0280 .0225 .0095
7  .0005 ,0075 .0047 .0007 7  .0457 0351 ,0305 .0223 .0082
8 .0078  ,0080 .0035 -~ .0005 8 ,0464¢ .0340 ,0305 .0214 .0064
9 .0056 .0045 .0024 bl 00010 9 '0524 00290 '0260 -0157 -30045
10 .0020 ,0015 .0010 ~ L0011 00,0132 ,0102 ,0124 .00BO0 ,0023
o — [+]
Po.7sp = 127 Model U-60 Po,7sr = 24
V/oD = 0.31 0.4 0,5  0.575 V/oD = 0.33 0.5 0.7 0.9 1.075
Sta. acq/dx , Sta. dCq/dx
0 +0.0010 40,0006 -0,0001 =0,0007 0 40,0015 +0.0020 +0,0009 -0.0010 -0.0039
1 .0022 ,0018 + .0Q008 - ,0004 1 . .0033 L0039 .0026 - .0005 - .0044
2 .0059 ,0051 .0038 + ,0026 2 ,0112 .0116 .Q105 4 ,0069 + .0014 =
5 L0091 .0078 L0061 ,0048 3 .0218 .01¢5 0185 .0136  .0063 o
4 .0108 .00%6 .OO72 0055 4 .0335 .0263 .0244 .0180 .0100
5  .0112 ,0100 .0088 ,0049 5 ,0443 ,0318 ,0277 .0224 0123 o
& ,0103 .0083 ,0057 .0033 §  .0457 .0352 .0265 .0235 ,0120 i
7 .0086 .0063 .0041 ,0012 7 0432 ,0357 .0300 .0235 .0098 o
8  .0068 ,0045 .0025 - .0008 8 .0410 .0329 ,0301 .02i1 .0068 )
o  .0042 0026 .00O7 - ,0022 9 .O0375 .0268 ,0251 ,0146 .0038 kS
10 .0015 ,0008 - ,0005 - ,0012 . 10 .0121 .0116 .0060 .0065 .0008 -

oo e b il

- ) ; )
1M ! . .
: .




B, .. = 199
YL 7o =
V_an L 0.55 D.ﬂ 0.47 0.55
Sta. dCq/éx
0 +0.0002 «0,0002 ~0,0006 -0,0010
1 .0004 0 - .0005 - .mm
2 .0030 + .0023 + ,0015 + ,0007
) 0054 0046 0034 0022
4 .0078 0065 .OOBO ,0035
] 0091 0078 0062 ,0045
6 0100 0086 .0066 0047
7 +0100 - .0088 «0087 0043
8 L0092 0079 0063 2 .0039
) L0685 0080 L0058 2 .0029
10 0028 ,0028 ,0029 L0017
Po, 758 = 12°
'llrl..hghl'l n a n e n cac
I"l.l-l-l - Veutlh Va'm e WaUdd
Sta. aq/ex
0 40,0012 40,0010 +0,0008 +0,0002
1 L0024 ,0022 .0015 L0004
2 L0060 00690 .0044 0029
3 .0091 .0087 ,0065 ,0041
4 ’ .0110 .0100 -0075 .0045
L 0118 0104 0078 0041
6 0121 0096 .0082 ,0028
7 0086 0080 L0045 .0014
8 0076 .0083 .0032 Q
9 .0052 .mﬂ -ml‘? - .m].s
10 0014 L0024 (0006 -~ .0019

TABLE I - Cont'd

+0.0020

Sumqmmmurol—'o

a = 040
Po.75R ~— **
0.45 0,65 0.85

dCq/ax

+0.0015 -0,0002 -0,0025

L0025 + 0005 - ,0027
.0085 .O071 + .0022
0162 .0142 .0087
0230 .0208 .0148
0208 .0264 .0206 -
.0354 .0308 .O2B0
L0416 .0346 .0290
.0465 .0365 .0305
0110 .0R42  .0196
Po.75R = 24°
0.5 0.7 0.9

acq/ex

+0,0020 +0,0019 +0.0005
0040 ,0056 .00L5
L0120 0112 0077
.0300 .0186 .0139
0254 ,0246 .0187
i'\}m ngnwg [ A L g
0344 .0301 .0R44
L3566 L0315 2 .0R54
0347 0511 0242

- 0298  ,0246 .01BY7
0156 L0135 .0090

l.02

-0,0042
- .0050
- 00030
+00156
.0065
-0110
-0181
.0190
.0190
0165
0112

oy
.
P

-0,0028
- 0029

&= MK
T WAL

0095
0107

o T

.0113
.0099
-0051
.0024

i

|
dl

*ON KI° VOV

o%0t

4 4
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44 NACA TN No. 1040
TABIE II
Model U-24 Bo,76R = 36 ° -~
M
] Element: x = 0,752, b/D = 0,0678, B = 35,95°,
—
P A Quantity Operation Value
A, & V/nD Data 1,200
q dCmp/dx Data 04275
= 8 dCq/ax Data 0.0590
e (V/nD}z ©j 1,440
' I dCT dx
m (= o) (2(4)x) 0.1268
§ 2x(V/nD) ®/®
i 1+ a Chart: (1+a) ve, m 1,075
= 2/me x5 0,2026/x° 0.4764
; 2
| (8)-(1)) 0.3670
{ 723 (14a) (V/nD) /-
— al ®- -G 0,0217
: 1 - a! 1 -(9) 0.9783
a (1+a)/(1~a!) ®/ @ 1,009
o I.H o (V/nD) /rx /(=) 0.5077
tan & - @2 0,5580
gl8) — sin & From tebles 0,4873 )
; + cos £ From tables 0.8733
2 sin®y D° 0,2375
8 \m 4/ (B(v/D)] 1.333/(b/D) 19.660
$1 5 (1+a)® 1.156
L+
‘_T bt A (°@)/(-) 2,803
—;34 B . @3 0.2402
S c (2 -(3).09)/x 0.0765
o3 B+ C 20 + @) 0.3167
o~ .
F|E0 ox D& 0.2077
» ,;: ] Data 35,96
> g arotan 29,16
<im)/ %o - @ 6.79
] fl .
= =

]
o
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NACA TN No. 1040

TABLE TIIT
SECTION LIFT COEFFICIENTS
Model U-24 X = 042563 b/D = 0,0623
(Data from Figures 28,29)
V/nD d0q/dx dCq/ax Gy, G
Po.76R = 12° B = 40,7°
0.8 +0,019 +0,0022 +0,.558 + 067
b +028 » 0027 «861 4
«d 035 +0029 1,147 Tel
T ) + 039 « 0027 1,408 11,6
BO.]?sn = 24° ﬁ = 52.70
l,1 + 007 0016 +168 - 2,1
1.0 018 « 0034 425 - 6
8 +028 « 0047 + 893 4 1.2
«8 +035 0054 936 Sed
.6 0038 .0052 1.237 9.6
o4 . + 048 « 00656 2.0756 16,1
(-] -— o
30.75R = 36 g = 64,7
1.8 +012 .0024 « 122 - 1.9
1.6 025 .0075 433 = b
le4 » 038 + 00909 .720 + 146
1,2 <045 .0100 « 044 4,6
1.0 « 045 «009¢ 1,154 8.6
8 2053 « 0096 1.612 12,8
) 068 «0103 24401 17.0
fo,76r = 48° B = 76.7°
2.5 . 048 0253 «641 2.1
23 082 20245 « 728 Sed
2.1 « 067 «02256 «804 4.6
1.9 « 0569 + 0208 873 6.3
1.7 054 0187 « 962 Be3
1.6 « 047 «0159 1,006 10.9
1.3 +«045 .0162 1,202 13,7
-] -}
pO.VﬁR = g0 B = 88,7
Sa7 + 036 0700 « 835 8.0
5.5 0071 .0655 -875 8.5
BeS +080 « 0600 «868 9.2
3¢l + 069 + 05636 +901 10,0
249 «030 0445 841 11.2
2.7 - .102 |0315 0618 13.1
2.6 - o103 «0275 + 608 14,3
2.8 - 5102 +02356 873 15,8
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TABLE III - Cont'd
SECTION LIFT COEFFICIENTS

Model U-24 x = 0,520 b/D = 0,0699
(Data from Figures 28,29)
V/nD dCq/dx aCq/dx C1, a _
Po,7sr = 18° P = 19,7° -
0.6 " 40,046 +0,0050 0,315 - 1.9
o5 071 .0073 +501 + .1
od <005 0088 . 687 1.9
3 +118 0099 .871 BT ) e
Po,75R = 24° B = 31.7° | .
1.1 .044 .0083 .267 - 3.0
1,0 <073 .0121 «4B0 - 1,2
.9 <100 ,0164 638 + 7
.8 .125 .0178 .823 2,6
6 . 157 _ .0202 1.115 6.8
ot . 165 0243 1.330 11,2 L
Po,7sr = 36° B = 43,7°
1.8 .029 + 0075 .132 - 4.3
1.6 <079 + 0215 417 - 1.7 -
led «127 0300 708 + 1.3
1.2 «170 .0350 1,008 4,6
1,0 o177 «0347 1.161 8.6 )
8 «197 .0382 1,444 12,6
o6 .212 .0431 1.768 16.6 e
Po,76r = 48° B = 5547° _
2.5 .083 .0425 «391 = 149
2,3 .128 +0B640 +B85 - W1
241 <168 . 0595 . 760 + 149
1.9 «194 0630 «944 4,3
1.7 200 .0640 1.093 7.0
1.5 «230 +0620 1.289 949
13 <195 « 0600 1,338 13,7
1.1 <167 « 0695 1,403 17,8
Bo, 78R = 60° B = 67.7°
37 0135 .1258 . .B83 4B
345 186 «1345 703 1.4
3.3 «222 « 1350 795 2,6 -
3¢l <249 « 1340 .892 3.8
2.9 o267 21305 978 541
2,7 «£60 +1210 1,014 6.8 .
2.5 0258 01160 10247 806

2.3 .243 ) .1115 1.555 . 10.

i

L

i



RACA TN Ro. 1040

TABLE III - Cont'd
SECTION LIFT COEFFICIENTS

Model U-24 x = 0,752 b/D = 0,0678
{Data from Figures 28,29)
V/nD aCnq/dx dCq/dax Cr, a
= o o
Bo,75r = 12 p =1z
0.6 +0,011 +0,0025 +0,041 - 2,5
»5 . 087 0060 .194 - 1,1
«d «100 .0089 353 + .2
3 «139 .0111 4986 1.4
-] ©
Po,75R = 24 p=24
1.1 080 0122 ,198 - 1,6
1.0 .105 00195 .550 - .2
«© 0149 . 0250 «503 + 145
«8 .18%7 .0278 .638 3.0
6 244 .0320 .861 6.2
o4 272 0383 . 1,016 .4
— [] o
Po,78R = 56 g =36
1.8 . 050 .0160 .146 - 1.6
1,6 .138 .0375 411 + .9
1.4 213 0520 662 3.8
1.2 275 .0590 .888 6.8
1.0 324 0695 1.123 Se9
«8 W311 ., 0730 1,173 13,5
8 .283 0750 1,158 17,3
Bo.75R = 48° p = 48°
2.6 146 .0690 . 389 .7
23 216 .0875 575 2.7
2,1 «25%7 .0920 .698 5,0
1.9 W 311 10385 892 7.5
1,7 « 357 .1185 1.110 10,0
1.5 «362 .1230 1.231 12.9
1,3 342 .1170 1,256 16.2
Bo.vsr = 60° g = 60°
3.7 «220 .1855 501 1.8
3.5 265 .1720 .635 3.1
3 » 3 . 308 Y 1830 Y 688 4. 5
3.1 347 .19185 « 799 6,0
2,9 «380 .1955 « 906 o7
2.7 « 405 »1960 1,011 9,5
2.6 414 <2030 1,133 11.4
2.3 «335 . 1940 1.107 13.8
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TABLE IIT - Cont'd
SECTION LIFT COEFFICIENTS

Model U-24
V/nl acnp/ax dCq/dx
Bo,75r = 12°
0.6 -0,043 -0, 0004
«5 - 4005 + ,0024
] 4 + ) 027 1] 0045
3 .0862 . 0058
— [ ]
Po.7er = 24
lel ~ ,023 . 0063
1,0 .086 0123
9 «110 .8%96
.8 . 147 .0248
. 6 ) . 210 . 0284
ol 246 0315
o
Po.75r = 96
1,8 . 038 01356
1,6 »108 . 0355
1.4 .18%7 .0525
1.2 +262 0620
1.0 .280 <0760
«8 242 .0825
o6 .218 . 0925
Po,7sm = 48°
2,5 w126 . 0660
2.5 200 , 0875
2 [ ) 1 ® 247 ) 0990
1 [} 9 [} 507 L] 1125
1.7 «360 1210
1,6 v 240 1125
1,3 o171 « 1080
Bo,75R = 60°
3.7 184 + 1600
3.6 «240 «1830
3.3 .2956 « 1735
3.1 340 .1815.
2.9 375 .1920
2.7 ] 422 02075
2.6 + 415 «2050
2:3 262 «1635

x = 0,928

g =

-
]

(Data from Pigures 28,29)

L,
7,7°

-0.,116
- '011
+ 079

« 150

19,7°

« 066
+181-
306
« 413
«599
«7TL7

31.7°

. 098
« 287
«505
« 716
.824
-« 770
o743

43,7°

+ 309
«481
. +588
.780
« 927
744
615

55,7°

+401
. «494
«595
665
.798
« 941
« 993
752

NACA TN No. 1040

b/D = 0,0552

+1 311

+1

+ 1
»
L

o

11,0
l4.4
17.7
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NACA TN No. 1040

TABLE III - Comnt'd
SECTION LIFT COEFFICIENTS

Model O.4E x = 0.853
(Dats from Figures 32,33)

v/nD aCp/éx a0q/dax Cy,
ﬂ0.75R = 12° B = 23.2°
0,53 -0,019 -0, 0009 =0,451
«45 - 008 - 40004 = +210
35 . + ,008 + 0008 + .264
ﬁ0.753 = 24° g = 3542°
1.0 - -0463 - 00055 - 0843
Og - .0558 - 0003’? - 0642
. - ,019 ¢ = 4001 = 439
+68 + 0043 + ,0008 + ,126
«3 « 0239 + 0020 « 690
1. » 0368 0025 1.179
50.75 = 36° g = 47.2°
106 - ‘071 - 10120 - 0802
le4 - 049 - ,0080 - 666
1.2 - .024 - .0035 - 0379
1,0 0 + ,0010 + ,080
8 + 020 0035 «578
6 + 038 «0045 1,136
Po,7er = 48° B = 59.2°
20 35 - 10‘70 - -0210 - .629
2.1 - 104'7 - .0150 - 0481
1.9 - o033 - 00860 - ,288
1 7 - '017 - .0005 - .066
1:5 + 004 + 0040 4+ 225
1.3 +024 + 00685 « 522
1,1 + 038 0080 . 867
30.753 = 60° B = 71.2°
3 o 65 - s 064 - 0200 hd .260
3«5 - ,0B0 - 40150 - o212
ZEEEE: SRR B
30 hadi ¥ - - e
29 - o016 + .0038 + .063
2.7 - 005 «00 183
2.5 + .020 .0135 337
2.3 040 0160 « 480

2.1 «060 0176 1624

b/D = 0,0623

O O B R

4.8

9.8
8.3
7.0
5.5
37
L¢3
le8

«6
X
4
4.
3.7
Se
243
1.4
3

o
N

o

48



NACA TN No. 1040 ~
TABLE III - Cont'd
SECTION LIFT COEFFIQIENTS

Model 0,4E x = 0,520 b/D = 0.0699
(Data from Figures 32,33)
V/aD  dCp/ax d0g/ax . a -
o= [} ]
BoJ7sr = 18 B = 16.2 . . —
0.53 +0,019 +0,0022 +0,134 - 346
45 <044 « 0039 »309 - 242
« 35 074 0054 « 527 - b
° = ° _“
| Bo,75r = 24 B = 27.2
lﬁc) 0015 |0026 .094 - 4.8
o8 «045 0070 279 - 3¢5
08 [ 077 [] 0104 - 500 - . 9
+« 66 +1156 «0140 787 4+ 2.1
o6 «143 0160 1,029 5.1
o35 +166 0174 l.254 8.1
= o o
50.75R 36 g = 39,2
1,6 0 + 0028 ,028 -"5.3
led +068 «0145 « 332 - 2.4
1.2 « 107 . 0230 «646 + 49 -
1.0 «153 +0285 . 983 4,5
& «190 «0310 1,306 8,4
«8 «223 « 0330 1.856 12,3 -
Po.wsr = 48° B = Bl,2°
2436 « 027 0130 « 132 - 4,3
2.1 «093 . 0295 392 - 146
1.8 « 127 +0385 592 + .4
1.7 + 155 « 0460 «808 3.0
1.8 «184 «0510 1,047 5.9
1,3 «2156 0550 1,332 9.0
1.1 + 251 « 05680 1,676 12,3 —
= e = o T
Po.7sr = 60 B = 63.8 R
3.66 «028 « 0430 « 195 - 3.1
3.6 075 «0540 «282 - 2.4
5.5 .110 .0655 .387 - 1.6
3.1 .158 00745 .494 - ] 1
2,9 «162 0830 .B1Y7 + 1.3 .
2.7 . 184 «0905 755 2.7
2.5 «206 09860 .899 4.4
2e9 2354 .0850 1,041 6.2
241 +260. - ,0990 1.247 8.2 :

|idii,

i
1



NAGA TN No. 1040
TABLE IIT - Cont!d
SECTION LIFT COEFFICIENTS

Model O.4E x = 0,752 b/D = 0,0678
(Dats from Filgures 32,33
V/nD aCm/ax daCq/ax Oy, a
-] (-2
Po,7er = 1% p=12
0,53 +0,039 +0,0048 +0,137 - 144
o456 .078 0073 «264 - 3
Y 35 . 123 . 0100 . 425 + 0'8
-] o
Po,7sm = 24 p =24
1.0 «100 0178 «331 .0
- 143 0230 <479 1.6
«8 178 .0268 .608 3.2
.66 .221 .0308 776 5.6
o5 +263 . 0339 .948 7.8
356 «315 .0408 1.176 9.7
Bo.75R = 36° g = 38°
1.6 «134 .0350 «394 1.0
1,4 . 202 .0495 «629 3.9
1.2 257 .0580 +820 6¢9
1,0 +330 . 0870 1.127 9.9
o8 «390 .0845 1.448 12,8
8 381 .0870 1.517 163
-] [~
Bo.,75R = 48 p =48
2,36 «192 075 .490 243
2.1 « 259 .002 .702 5.1
1.9 «309 .102 .881 78
1.7 +355 114 1.088 10,1
1.5 + 409 .128 1,346 12,7
1,3 « 399 . 122 1,405 15,9
1.1 «348 (114 1,344 19.6
Bo,7em = €0° B = 60°
3.65 «167 .1480 « 440 2.2
3.5 .224 <1575 «523 3.2
3.3 205 .1680 .639 4,6
3,1 «339 .1765 .750 6el
2.9 «361 .1860 .862 7.8
2,7 372 .1925 969 96
2.5 . 384 .2010 1,095 11,5
2.3 414 .2055 1,243 13.6
2.1 . 362 . 1906 1.223 16,2
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NACA TN No. 1040
TABLE IIT ~ Cont'd -
SEOTION LIFT COEFFICIENTS
Model O.4E x = 0,028 b/D = 0,0552
(Date from Figures 32,33) -
V/nD aCmq/dx a0q/dx Cr, a
Bo,7er = 12° B = 9.5°
0.53 +0,012 +0,0029 +0,038 - 0.9
45 .040 ,0030 ,112 + .2
VB35 . . 0029 216 1.5
i o o
Po,76r = 24 P =215
1.0 ; .101 .0182 -1 7] 1,8
L ] 9 - .14; ) Y 0253 . » 592 5 [ 4
8 .7 173 L0300 . 489 4,8
.65 .207 ,0332 595 7.1
.5 .240 . 0356 701 9,2
W36 230 0509 713 11,4
Bo,76R = 56° B = 83487
1.6 . 172  .0495 442 4,0
1.4 .221 .0595 690 6.8
1.2 .281 0680 769 9.6
1.0 265 .0840 .806 12,8
.8 (163 L0775 557 16,6
6 .092 ,0840 376 20,6
Bo.76R = 48° B = 4B.5°
2,36 253 .0945 633 6.0
2,1 296 1110 712 8.8
1.9 334 .1240 . 854 1.2
1.7 .301 <1356 .878 13.9
1.5 214 .1140 696 17.1
1e3 V151 .1110 J579 20.4
1,1 097 1290 502 23,8
Po.75R = €0° B = 57,5%
3,65 .196 . 1856 .484 Be
3.5 268 1860 551 6.8
5,3 341 .1880 659 8.3
3ol .366 .1980 751 10.0
2.9 385 42190 .869 11,7
2.7 .402 2280 .969 13.6
2.5 . 284 1965 815 15.9
2.3 .212 1720 706 18.4
2.1 .084 1730 554 21.0

il

il

a



NACA TN No. 1040
TABLE I1I - Conttad

SECTION LIFT COEFFICIENTS

Model Pup x = 0,253 b/D = 0,0623
(Data from Figures 25,27)
V/aD aCq/ax ch/ax Cy, a
Bo,7er = 20° B = 44.8°
0.90 -0,009 -0,0008 0,120 - 3,1
«76 + ,020 + ,0013 + ,282 - L4
«80 039 0030 735 + 3,8
«4B <049 . 0039 1,101 7ol
35 - . 052 .0040 1,313 10,58
=. -]
Pc,75R = 80° p = 54.8
1‘4 - 0024 X - .0055 - .225 - 4.5
1.2 .+ ,008 . + ,0025 + ,163 - 2.8
1.0 .035 0060 580 + L0
.8 .051 .0075 .991 3‘9
& +0B%7 .0080 1.427 8,9
o4 064 .0080 1.994 14,6
: -] ]
Bo.7sr = 40 B = 64,8
2.0 - ,0120 - 0035 - 104 - 3,1
1,8 + ,0090 + ,0035 + 4120 - 2.0
1.6 0275 . 00856 + 365 - W7
1,4 .0440 .0120 .650 + 1.2
1,2 .0565 0130 915 3,6
1.0 .0625 .0120 1.126 7e3
«8 .0675 .0115 1,458 11,5
Bo,76r = 50° B = 74.8°
2.7 0032 -01’75 .288 . ol 02
2.5 . 040 .0230 436 + .4
2.3 .048 .0260 575 1.1
2,1 056 .0260 . 682 23
1.9 .081 .0260 - .819 3.6
1.7 .066 .0260 . 995 5.1
1.6 070 0240 1,143 7.1
1.3 071 .0222 1.326 9,7
Po,7sr = 60° B = 84,8°
3.6 '093 .078 0759 5.8
3.4 096 ,074 784 4,3
3.2 .100 . 070 834 4,9
3,0 . 100 .066 .889 5.5
2,8 <102 .061 «931 Be4
2,6 .102 .055 « 973 7e3
2.4 .098 «049 1.009 844
2,2 085 045 1,088 9,6



54

NAOA TN No. 1040
TABLE IIT - Cont'd
SECTION LIFT COEFFICIENTS
Model Pgg x = 0,520 b/D = 0,0699
(Data from Figures £6,27)
V/nD aCm/ax aCq/ax Cy, a
Bo.78R = 20° B = 20,4°
0,90 +0,072 +0,012 40,353 - 1,2
75 v 126 .018 +639 + 1.4
.60 .169 0022 .904 4.1
.45 .196 .023 1,092 7.0
035 .201 .023 1,167 9.2
o (-]
50.753 = 30 B = 39,4
1.4 .068 .015 275 - 2.2
1.2 .130 027 .580 + .8
1.0 .180 .035 .878 4,2
8 . 205 037 1,097 8.1
«6 .251 .036 1.385 11.9
o4 ) 247 .049 1,716 16.7
[~ [+
Po,76R = 40 P = 49.4
200 0085 -026 .280 - 2.5
1.8 »138 .040 .500 + .0
1.6 .185 051 739 2.5
1.4 223 057 . 966 5.4
1.2 .255 .0B68 1,189 8.7
1,0 .280 ,081 1,452 12,1
.8 . 325 .075 1,976 14,9
o o
Po.7eR = 9° p = 59.4
2.7 .150 <069 2439 - W7
2.5 «192 .082 593 + o9
2,5 222 . 080 o741 2.6
2.1 245 .004 .886 4,6
1.9 267 . 094 1,029 6.9
1.7 .294 .094 10207 904
1,5 . 322 .008 1.460 12,0
1.3 .364 .106 1,836 14,6
{+] o
Bo.75R = 60 B = 69,4
3,6 .265 176 .664 2,0
3.4 .280 .182 <760 3,0
3.2 . 302 .180 .839 4,2
3.0 .318 .176 .921 5.5
2.8 « 331 .172 1,011 6.9
2.6 336 » 167 1,105 8.4
2.4 + 330 157 1,173 10,3
2,2 327 .168 1,329 12,1



KACA TN No. 1040

Model P02

V/aD

0.90
«75
« 60
«4b
« 35

e
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TABLE IIT - Cont’d
SECTION LIFT COEFFICIENTS

aCqp/dx

Po.75R

+0,062
« 160
232
« 278
«296

Bo.785R

.091
.203
.280
348
376
352

Po.75R

+112
+218
«291
+359
«429
417
« 367

Po.78R

.217
« 288
« 333
376
422
464
384
« 3540

Po,7sR

«320
«364
+ 405
442
474
+485
+ 415
+ 330

=

20°

x = 0,752
(Data from Figures 26,27)

dCQ/dx

+0,0110

30°

40°

50°

60°

«0230
«0300
0325
.0350

021
044
0556
083
075
. 083

« 037
068
0858
+ 096
+109
« 117
106

093
$ 123
« 1356
. 148
«161
«175
« 165
«150

221
0237 ¢
244
248
256
261
» 2566
+230

ga

Cr,
20°

+0,158

™
"

w
i

»
]

+412
+613
#7581
«818

500

« 209
« 493
#7111
« 925
1,083
1,108

40°

+ 230
474
.668
+866
1,098
1,185
l1.114

50°

« 377
544
+665
« 806
+ 979
1.154
1,000
1,054

60°

«833
629
o714
«806
912
1.016
1,035
967

0,08678

+1
.
()]

Ft
POPHE

QUL I i

i
MO
¢« & & © o @
O WL OO

2 e & ¢ & 9
LX) RivRos NI Rl SR

RpRya
I H OO

oWOoONOLHOUIN
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NACA TN No. 1040
TABLE III ~ Cont'd

SECTION LIFT COEFFICIENTS

Model Pgy £ = 0,928 b/D = 0,0852
(Data from Figures 26,27)
V/nD dGT/dx dGQ/dx GL 123
Po,7sR = 20° g = 15,0°
0,90 «0,006 +0 40020 =0,007 - 2.1
75 + ,080 «0115 + ,168 - ol
+E0 +150 + 0180 319 + 1.9
.45 © 225 . 0245 484 5.6
36 «R27 +0270 «498 Bel
Po.7sr = 30° B = 25,0°
1.4 039 s0110 +081 - .8
le2 e 145 « 0320 + 300 + 1,8
1.0 244 + 0475 « 505 4.5
L4 8 0506 . 0530 . 650 '7. 4
N «308 «0610 +691 10.56
3 225 +0980 « 590 13,6
(]
Bo,75R = 40 P = 35.0°
2.0 +089 +026 «162 B
1.8 + 1856 «058 e 345 2,6
l.6 « 276 + 080 « 532 5.1
104 .350 .094 .702 7.7
1.2 ’ 373 110 +807 10,6
1,0 « 313 112 o741 13,9
08 . 274 [ ] 125 » 712 17' 2
Bo,75m = 50° B = 46.0°
2.7 165 .080 274 1.8
2eb « 259 «11B e 440 Se7
2.3 « 328 « 138 « 577 5.8
2.l 377 «151 «699 8,0
llg .406 l165 .808 10.4
1.7 2385 «164 « 827 13,1
1.5 «282 + 160 « 692 1643
le¢3 « 220 + 157 «634 19.4
BO.7BR = 60° B = 55.00
346 + 270 «195 + 416 3.8
5‘4 ‘316 '216 .500 5.4
Se2 361 «R229 « 577 7.2
3.0 +406 «240 862 9,0
2.8 0442 .251 «'7556 10.7
2.6 + 460 . 264 «828 12,9
2.4 « 385 2244 «784 15,1
2.8 . . . 285 «218 » 680 17.6



TABLE IV

SECTION LIFT CHARACTERISTICS

High Speed Condition (ILine I) Data from Figure 41
Cp = 0,05 V/uD = 0,90
] — =

x = 0.2 0.3 0.4 0.45 a,55 0.65 0.76 0.85 0.956

b/D = .0814 0631 .06358 +0666 .0709 071 0679 »0622 0512

Model U-24 Bo,75m = 21.8°

dCT/dx +0.0100 0.0280 0,0475 0.,0580 0,0800 0,0045 0.0967 0.0815 0.0465
dcqfdx + ,00164 .00440 ,00718 .00875 ,01200 ,01495 .01620 .01467 .00825
GL + .547 .506 .521 .506 .452 o396 .327 -239 .133

a +2.5 - .3 - -1 - .7 - 08 - Il - -2 0 4 .1
EO&OI —-6(‘1 BO '75R = 22.95
— e rtiiptpting

d.ct_[l/dx - .017 bl QOOS + 0055 .055 .035 0109 .119 .098 .061
ﬂ.G dx - .0018 + -m5 .m52 -0078 .0150 -0179 00192 n0173 500’77
C1, - .,448 4+ ,002 «381 -468 <485 .461 402 .285 , +169
a -6.2 -4,3 ~l.4 ~1,0 + .3 1.0 9 - - 4

Model 0.4B ﬂo 7SR = £3,4°
* —

dCT/dx - 0305 -~ ,0310 - .0080 + .01256 .0505 »0896 «1260 «1440 .1140
dGQ/dx - .0031 - .0036 - .ms "' .0017 -0075 00144 0209 00260 00200

6f - 796 =~ .490 - .058 4 .,106  .285  .376  .426  .425  .326

€' -11.5 -8.9 5.3 47  -2.4 o 4. 2.1 3.1
Model 0,8E Bo.7sg = 22.2°

dCp/éx - .0086 + .0070  .0325 L0465  .0754  .0980  ,1082  .0827  .0440

aCq/dx - .00068 + 00151 .00526 .00741 .0l180 .OL575 .0L770 .01521  .0O0G74

Cp - .193 4+ .161  ,365  .412  .430  .412  .365  .245  .124

a - .4 -3.1 -1,2 ~1e3 - 7 + .3 ol o9 0o

-~
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TABLE IV - Cont'd
SECTION LIFT CHARACTERISTICS

High Speed Condition (Idne I) Date from Figure 41

Cp = 0.2 V/nD = 1,80
L L — ] .
-x‘_ = 0.?__ ) 0.?___ ovgk“ 0Q4§__ 0.55 0.65 0.75 0.85 0.95
/D = +U0 1% UGS 1 0658 +06b6 0709 0711 00679 0622 0812
¥odsl U-24 Bn wen = 41.1°
" Ve (L
dCp/ax 10,024 0.081  0.076 0.089 0.125 0,163 0,192 0.188  0.160
a0gp/ax + .0095  .0164  .0R37  .0R85  .0385  ,0488  ,0808  .06Y5  .0b18
O, + .588 .619 .611 .595 .562 «565 581 -508 -415
d +5.3 .4 O - .4 + .2 1.8 2.6 3'7 *.B
Model U~-60 30.753 = 42.8°
dCT/hx » ,0198 + .0070 «0555 0780 »1290 .1880 . 2236 «2200 1755
dCQ/dx - .0020 + .0030 .0160 0241 »0407 0674 0704 0757 .0591
Cr - 154 + ,108 - 418 -515 - 593 . 653 «652 .585 -461
a" "4‘1 ‘5.4 - 07 - -1 +1’6 5.4 ﬁ-l 4.7 4'9
Modal D.4E BQ.?&B = 45%.8°

dCp/dx - 0425 - .0360 + 0105  ,0385  ,1045 1800  .2450  .2726  .2755

dCq/dx - 0073 - .0087 + 0025 0111 .0304 .0520 L0752 .09359 0873

GL - 0505 - -550 + -071 .243 1460 -609 -707 0726 0711

a -8.8 -B.2 ~447 =349 ~ o7 +2.7 5.0 7.1 9.0
Model 0.8B poa?ﬁR = 42,39

dﬁTf&x + .0040 J2B5 0875 0780 . 1265 L1790 +2145 « 2130 . 1870

dﬂqfﬂx + .0028 »0094¢ .0187 0249 ,0401 0541 . 0668 0738 -0603
GL + . 167 ) 0347 0477 .525 ] §84 . 619 » 623 [ ] 568 0485
G— +2.5 -2.2 - .5 - .4 + -9 2;8 3.7 5-4 5.4

8e

O%0T °Of KI VOVH

B 4

-
—— .

(HT




TABLE IV - Cont'd

SECTION LIFP CHARACTERISTICS

High Speed Condition (Iine I) Data
CE = 0,5 YZED = 2.85
x = 0.2 0.3 0.4 0,45 0.565 0.65 0.75
b/D = 0614  ,0631 .0838 0656 L0709 0711 0679
Model U~-24 Bo.7srR * 55.5°
dCp/dx +40.041 0.094 0.136 0,158 0.205 0.247 0.277
ﬁﬁqf&z + 031 .051 <070 -081 .101 «121 »140
C;  + .802 .29 811,788 M4 683 .669
a +12.0 4.9 3.0 1.9 1.9 542 4.0
Model U-60 50.75R = 57.0°
aCp/dx + .019 .070 »125 »155 211 +260 .296
dCh/dx + 011 «054 .059 072 . 101 «127 »148
Cr, + 75 » 555 690 .714 <718 716 708
a +1.9 .1 1.9 2.0 3.2 4,8 5.4
Model 0.4E 50.753 = 58,57
dclII/dI - -054 0 + .065 0096 1170 025" -54:0
d:CQ/dI. - 10060 + .0050 002?0 -0435 -0820 .1240 01670
CL - 1170 + .0% 1521 .4;54: -682 .702 .805
14 ~2e4 ~4.1 -1.8 =13 +1.4 4.5 6.8
NModel 0.8 ﬁo."ﬁﬂ = §6.5°
dGT/dx + 033 .078 «123 2149 »200 »251 «294
qu/Hx + 0209 0428 0617 0734 .0064 « 1261 « 1475
Cy, + 542 «696 »718 « 721 '700 .706 .706
a +8.1 1.7 2.1 l.8 2.5 4,1 5.0

from Figure 41

. Rt N _on
L R iV LA X1

0622 .0512
0,283 0.259
150 « 132
837 «979
5.3 6.6
.2B4 262
+155 .128
«650 575
6.1 6.6
0569 1] 562
»1990 .1845
.8358 813
9.1 11.2
274 - 265
. 1578 « 1357
647 591
6.9 7.1

*ON NI YOVN

00T

64




it

Condition (Line II)

0.2 0,3
0614 »0631

Model U-24

+0,0176 0.0446
+ ,00178  .00488
+ 1789 1.000

¥B.3 5.1
Model U-80

+ ,006 -029

+ .0005 0033

+ 246 « 6568

- 09 + 07
Model 0O.4B

.0080 <+ ,0090
.0004 + ,0008
«228  + 184
5'3 ":-55'.7

}
[#5]

Model 0.8E

+ .0125 -0385
+ 00135 .00380
+ .58Y «829
+4.1 1.8

TABIE IV - Cont'd
SECTION LIFT CHARACTERISTICS

Cp = 0.05 V/nD = 0,54
O.é 0.45 0.55 0.65 0.765

0638 0656 0709 0711 .0679

Bo.75R = 1645°

0.0695 0,0825 10,1095 0.1320 0.1326

.00786  ,00937 .01220 .01407 .01420

-899 .828 .682 « 586 «464
4,4 Sed 2,2 1.9 1.2

pgar?é—n- = 17. 4“

.081 .081 .120 .142 o144

.0068 .0088 0134 .0162 0166

787 .B04 « 748 +636 »508
3.1 2.9 2.8 5,0 Rel

Bo,75m = 18.0°

.0370 .0545 .0925 « 1330 «1590
.0040 » 0059 -Q100 0141 017

«472 .541 +573 +590 + 957
.9 ~ o8 + .5 2.0 3.3

&< - # S @ss L=t 25

po‘ 75R = 15.3°

0685 .0850 .1180 .1385 »1400

00660 .00855 .01240 01570 .01635

-850 824 «729 .620 «485
3,0 2.5 2.1 2.5 1.6

09
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PABIE IV - Cont'd

SECTION LIFT CHARACTERIITICS

ondition {ILine II) Data
Cp = 0.2 V/ob = 1.08
-gn-n-u :=£-===u==—-
0,2 0.3 0.4 .45 0,55 0.65 0.75

.0614 « 0631 0638 .0656 .0709 0711 0879
Model U-24 Bo.7sg = 55.0°

+0.024 0,066 0,118 0.143 0,195 0.2562 0.293
+ ,0054 0127 0211 0260 0370 .0491 .0608

+ ,829  1.107 1,201 1,180 1,074  1.036 .987

+8.8 5.7 6.2 b.B 6.3 Ted 7.7

Model U-60 ﬂG.'}'SR = 36-2°

+ .009 .048 »100 130 «192 «259 297
+ .0018  .0089 0183  .0240  .0B75 .06l 085S

+ 281 782 1.032 1,081 1.068 1.068B 1.013

~1.3 + .0 5.0 5.7 7.3 8.7 8.9

Model Q.48 ﬂO.TER = 38,2°

- 0016 + nGlG .062 qwé -164 .-’336 .2%

- .3l1 + .161 »630 .781 .911 977 1.004

"6.2 -4.1 + -2 1.2 4.2 7-2 B.g

Model 0,8E Po,75R = 35.7°

+ 016 056 ».103 « 130 +190 249 . 288
+ ,0038 .0113 .0200 0251 Q573 .0499 0629

+ 877 <971 1,097 1,104 1.062 1,033 «580

+4-7 2.5 5.1 5-5 6!7 8-1 804

Trom Figure 42

-298

OTION
oW IO

.889
8.9

-

P 4]
.0814

10.4

.296

.0728

.887
9.6

(o) =]
R

0,256
L] 0585

Ly 32129

& W

9.0

. R27Y

NEN1
VIO

.666
8.9

mnAan

« &%0

0762
12,1

- 228

.0597

672
9.3
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¢1limb Condltion (Line II)
X = 0.2 0.5
b/D = .0614 <0831
Model T-24
dCp/dx -0.006  +0.029
dCQ/dx + 0142 0280
Cr. + 830 1.042
a +18.5 15,0
Model U~60
_dCT/dx + L030 L0903
~dC,/dx + 0108 .O305
CL + 738 1.245
' a +6,6 7.4
Model 0.4B
dCp/ax + .012 .061
dCnr/dx + 0080 . 0200
a + .4 2.0
Model O.BE
dCp/ax + 026 .089
'qu/d:x + ,0120 .0310
Cy, + ,812 1.256
Loa +13.5 9.3

i 1

1N

TABIE IV - Cont'd g
SECTION LIFT CEARACTERISTICS
‘ Data from Figure 42
Cp = 0.5 V/ob = 1.71
b~ - -] o —--- - .. ..
0.4 0.45 0.55 0.85 0.75 0.85 0.95
L0838  .0656  ,0Y09 L0879 .0822  .0312
Bo, 75m = 55.8°
0.093 0,135 0,254 0.331 0,31§ 0.203 0,081
.0488  ,0613  ,0964  .1326  ,1500  .1601  .1420
1.216  1.264  1.392  1.400  1.173 .831 .62
14.6 14,1 14,4 1641 17.5 19.2 20,9
Bo.75p = 5640°
.17 .215 314 .520 266 .201 096
,0B47  .0706  .1081  .1347  .1485  .1546  .1264
1,505  1.582  1.817  1.393 1,078 .810 . 490
11.1 11.9 13.9 16.5 17.9 18.8 19.4
Bo,75m = 56-6°
120 .175 .298 .436 335 .150 .021
.0420  .0580  .0890  .1510  .1680  .1785  .1530 -
1,150  1.296 © 1.499  1.701  1.285 .811 W11 R
6.6 7.8 11-2 14.7 18.1 21.1 23.5 - )
Br e = 55440 e
V.ol > =
. 160 .198 22 .301 .255 .200 075 gy
.0556  .O710  .1050  .1335  ,1475  ,1570  .1375 L
1,600  1.555  1.509  1.358  1.055 -B16 AT, QL
11-5 11'7 : 15.3 15-8 17.3 19.4 149.8 ' M = A I

RN 4 i Al
[ PR f L
Cdrak e T s




¥ACA TN No. 1040 Fig. A
83




NACA TN No. 1040 Figs. B,C
' : 64

Figure B.
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NACA TN Nao. 1040 Fig. 3
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Fig. 4 L | _NACA TN No. 1040 .
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HEAD NO 0 | 2 3 4 5 6 T 8 9 10 1
Py +0.05 | +o. 1l | +#0.29 |+0.40 | +0.44 |+0.49 | +0.47 | +0.£4|+0.36 |10.33 | 10.03 |—0.09
Pro_ l-or20 |-0.45 |~0 /08)-0.085|-0.115 |-0.075 | ~0, 1O |~0.0951-0.095 | - 0. 085 | ~0./20 | -0. 00
aPt +o70 |+0.225)20.395|+0.485 | +0.5551+0. 565 | +0. 5385|+0.535 |+0.45514+0.4/5 |+0.150| O
Py -0.30 |-0.29 |-0.13 |~0.04]-0.02 2, 0 |-005|-0./3 |-0.25 |-Q.5! |~0.64
Pp -0.90 |-0.93.|-0.87|-0.75 |-0.75 | -0.7/ | —0.70 | ~0.71 | .0.75 |-0.68 |-0.86]|-0.66
Py +0,60 |+0.64 | +0.74 |+0.7/ | +0.73|#+0.7! | +0,70)4+0.66 | +0.62 |+0.43 | +0.35 |+0.02
17K 0.478 | 0.452 [0.463 [ 0.467 | 0.465|0.455 1 0.472 |1 0.459 |0.472 [0.472 [0.476 | 0.465
P/ KR l0.082 (0084 |0.17 |o.110 | 0.115 | 0. 104]0.109 |0.092 | 0.086 | 0.04! | 0028 | ©
E 0,017 |0.0/8 |o.024)0.023 |0.024 | 0.022 |0.023 | 0.012 | 0.0/8 |0.009 |0-006 | ©

aPr-E 0./53 lo.207 | 0.37/ | 0.462 |0. 531 |0.543 | 0.562 | 0.5/6 | Q. 437 o406 0144 O
X 0.201 |0.253 [0.40910.520 | 0.606|0.683 |0.752 (0.814 |0.873 |0.928 [0.979 [ 1.028
Cyx 0153 |o./93 | 0.312|0.396 | 0.462) 0.521 0.573 | 0. 621 | 0.665 | 0.707 |0.746 | 0.783
'dCp/dx  10.023 |o.040 0.6 |0. 183 0.245 | 0.283 | 0.322 | 0.320| 0.291 | 0.287 | 9.197)| <
x2 00404l0.0840|0.167 | 0.270( 0.367 | 0.467 | 0.566 [0.663 |0.762 | 0.86] |0.958 ] 1.057
7K 00193 [0.029010.0775/ 0.126 | 0.171 |0.212 | 0.267 |0.304 | 0.359 [0.406 | 0.456 | 0.492 |

PayK  l0.0/2 lo.ord [ c.o57]0.089 0. 12510051 | 0.187 | 020/ | 0.223| 0.175 | 0./60 | 0. 9/Q
dC/dx |0.005 |0.007 | 0.022 |0.034 |0.048 |0.058 \0.07/ 1 0, 077| 0.085 Q.067 |0.06/ | 0,004

RECORD NO. AH-2-8 aPr=Pp-Pro Py= Py-Pp Cro® 0.1570

MODEL __ 0.5£ E = (1/4r8(R/K) aCy= 0.0009
Pozsr 36 OES. | ra/O94 1/ar% _0.209 Cy*0./56 1

S.P. 4.82 PSF )2 _ 2 -

o 0. 527 c '4 g o7004(0 985) " 2.76Z, Cq*_0. 0368
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